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ARTICLE DETAILS ABSTRACT

In this paper a low-noise amplifier (LNA) is designed at 5GHz with the intention of ultra-low-power consumption.
First, a spiral inductor is discussed and its equivalent circuit is described. Second, the input impedance, output
impedance, and gain of a common-source LNA is calculated precisely. In addition, forward body biasing technique
is used to bias all transistors to bring down the power consumption of the LNA. Plus, the comparison between
precise calculation performed in this paper and the approximation proposed in other papers is demonstrated by
HSPICE and MATLAB. The main simulation of the proposed LNA is carried out by Advanced Design System (ADS)
and TSMC 0.18 um CMOS process is used for all elements in the LNA. The circuit is evaluated in different voltage
supplies from 0.1 volt to 0.5 volt. The LNA is simulated with both lumped-elements and real elements. With lumped-
elements the results are 0.96dB, -19dB, -16dB, 17.9dB, and 140uW for noise figure (NF), input impedance matching
(S11), output impedance matching (S22), power gain (S21), and power consumption respectively. Plus, with real
elements the results are 1.4dB, -20dB, -19dB, 15.4dB, and 139uW for noise figure (NF), input impedance matching
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(S11), output impedance matching (S22), power gain (S21), and power consumption respectively.
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1. INTRODUCTION

A Low Noise Amplifier (LNA) is a decisive block in every RF receiver. The
criteria by which an LNA can be evaluated are Noise Figure (NF), power
consumption or dissipation (Pdiss), input and output impedance
matching, linearity, and gain. The aforementioned criteria might be
inefficient provided that the LNA is unstable. Hence, the stability of the
LNA should be guaranteed by adjusting scattering parameters or S-
parameters. Plus, input impedance matching, output impedance matching,
and gain can be outlined by scattering parameters. In addition, the
linearity of the LNA has been scrutinized by the third order intercept point
(IIP3). Furthermore, the performance of an LNA against noise is to be
analyzed by NF. In fact, the lower the NF is, the more appropriate the LNA
will be.

All the comments are more suitable in an LNA with lower power
dissipation brought about the voltage supply and the width of transistors.
The purposes have been achieved by different topologies consisting of
cascade, cascode, and differential [1-6]. Considering the bandwidth during
which an LNA operates, LNAs can be categorized in two divergent classes,
called narrow-band or wideband [7-10]. Furthermore, the size of
transistors has been scaled down from micrometer to nanometer, thus
bringing down the size of the LNA. The lifetime of LNAs is predicated upon
the power they has consumed. Indeed, the lifetime will be considerably
prolonged if the power consumption declines. The factor can diminish
appreciably via decreasing the voltage supply, the size of transistors, and
the method by which a transistor is biased. Plus, the methods should not
sacrifice other worthwhile criteria such as gain and impedance matching
as far as possible. Furthermore, owing to the fact that the elements within
the designed LNA is supposed to calculated by the formula extracted from
input matching, output matching, and gain, it is of prime significance to
calculate the formulas precisely in order to attenuate the errors stemming
from the formulas. In this paper, a three stage cascaded LNA is designed

for the purpose of precise calculation, ultra-low-power, and ultra-low-
voltage at 5GHz in 0.18 pm technology. In fact, the power consumption is
diminished via forward body biasing technique.

2. SPIRAL INDUCTOR

Spiral inductors have been used widely as on-chip inductors. Unlike the
lumped inductors, spiral inductors should not be considered as single
elements with two terminals. The model utilized in this paper is
demonstrated in figure 1 [11].
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Figure 1: Spiral inductor and its equivalent circuits

All inductors are designed to function as a lumped inductor connected
in series with a resistor, depicted in figure 1. In fact, spiral inductors can
be designed according to their physical features, illustrated in figure 2.
The inductance of a spiral inductor is given by [12]:

L=37.5%xpx nzxaz 1)
o 22xr-14xa
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In which:
r=nx(w+s)

Ko :4><71:><10_7

n=number of turns

w=conductor width (m)

s= conductor spacing (m)
r=radius of the coil (m)

a= square spiral’s mean radius (m)

Figure 2: Spiral inductor

Therefore, the inductance can be designed by the number of turns and
the radius of the device, which should fulfil the conditions in (2) to
comply the restrictions existing in 0.18 um technology.

)

30um <r <125um
15<n<55

The number of turns and radius of the inductor are decisive factors by
which the resistor in series with the final inductor can be defined. For
instance, a 1nH inductor at 5GHz can be implemented by different number
of turns and the radius of the device, producing different resistors,
demonstrated in table 1. The inductor can be implemented by n=1.5 and
n=2 with radius of 0.000082314009 meter and 0.000049037051 meter
respectively. Plus, with different number of turns different resistors are
created. Indeed, with bigger number of turns, bigger resistors are
produced, influencing noise figure, linearity, biasing, and power
consumption of the LNA. In addition, the implementation of the inductor
(1nH) is impossible with n=2.5 and rad=0.000024569209 meter because
of not fulfilling the conditions in (2). It is applicable to the number of turns
which are more than 2.5. As a matter of fact, with n=5.5, the -
0.00013485079 meter is achieved for radius to implement a 1nH inductor,
which is impossible.

Table 1: Implementation of 1nh spiral inductor at 5ghz

n Rad(m) Resistor w lay

1.5 0.000082314009 2.6672 30 um 6

2 0.000049037051 3.0486 30 um 6

2.5t05.5 0.000024569209 to | impossible 30 pm 6
-0.00013485079

3. THE PROPOSED LNA

The proposed LNA is composed of three common-source (CS) LNAs,
demonstrated in figure 3. Hence, the CS LNA should be scrutinized
meticulously. The significant factors by which an LNA is to be designed are
input impedance, biasing, widths of transistors, capacitors, inductors, and
output impedance. Therefore, a CS LNA is designed precisely and
separately, depicted in figure 4.

Figure 4: CS LNA with spiral inductors and forward body biasing

The common-source is biased with forward body biasing technique to
bring down the voltage source, thus decreasing power consumption,
shown in figure 4 [32]. As it is mentioned, all inductors, in this paper, are
designed to operate as two terminal elements in series with resistors at

the desired frequency, i.e. 5GHz. As a result, the CS LNS is considered with
its equivalent circuit in the final design of spiral inductors, illustrated in
figure 5.
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Figure 3: The proposed LNA

Figure 5: The CS LNA with equivalent circuit of spiral inductors
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Figure 6: The AC equivalent circuit of figure 5

Next, in order to extract the input impedance (zin) of the circuit, the AC
equivalent of the circuit should be taken into account, shown in figure 6.
The input impedance of the circuit is given by [11-13]:

gmxlIs
z: +

in ®sx(lg+1s) +

3

S % Cgs cgs

The formula implies that the elements exciting in the drain of the
transistors are irrelevant to the input impedance. Plus, the resistors
created by spiral inductors do not play any role in input impedance. In
addition, the real part of zin does not vary via frequency. Therefore, the
more precise calculation might be required to diminish the error brought
about by the approximation of zin. The precise formula of zin is given by:

. NUMZIN
zin=——" (€]
DENZIN

The details of (4) is represented in the Appendix.

w0 ¥

s 8 7
Fraquancy (Hz)

Figure 7: The comparison of imaginary and real part of proposed zin

In order to clarify the difference between zin in (3) and (4), the simulation
is performed by HSPICE and the results are compared in figure 7. Owing
to the fact that the LNA is designed at 5GHz, the behavior of the zin at 5GHz
is focused. As it is obvious in figure 7, the error between the proposed zin
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and the zin simulated by HSIPCE is approximately zero. The zin in (3), on
the other hand, has drastic error. For instance, the real part of zin with the
proposed zin is 49.98 versus 111.8 coming from (3). Furthermore, the
imaginary part of zin with the proposed zin is -0.1694 in comparison with
-587 coming from (3). It is deduced from the comments that the elements
calculated from (3) are not reliable enough and the simplicity or
approximation might lead up to trial and error, which is not precise. The
aforementioned comments are applicable to output impedance and gain
of the LNA, given by:

NUMZOUT
ZOUT = ————— (5)
DENZOUT
. NUMGAIN
Gain= ————— (6)
DENGAIN

The details of (5) and (6) are represented in the Appendix. In fact, the
importance of precise calculation might be emphasized by knowing that
all scattering parameters are dependent upon input impedance, output
impedance, and gain, given by [14]:

zin — zo
Sll=
zin+ zo
zout — zo
S22=—
zout + zo @

vout
$21=(1+s1l) x (—)
vin

$12 = (1+ 522) x (——)

vin
vout
4. BIASING AND DESIGN

One of the main purpose of the design is to bring down power dissipation
in the LNA. The forward body biasing technique might be beneficial with
decreasing the supply voltage [32]. The vdd considered to fulfil the main
goal is 0.1 volt. Plus, the LNA has three stages which might appear to be the
same. However, all transistors are biased in different regions. Indeed, M1
is biased in moderate inversion by which input impedance matching can
be achieved. In addition, M2 is biased in moderate inversion with higher
gate-source voltage with the intention of increasing gain. Ultimately, M3 is
biased in strong inversion to have an appropriate gain and output
impedance matching. Plus, the widths of transistors are equal to 100 pm.

5. RESULTAS AND TRADE-OFFS

The proposed LNA is simulated at 5 GHz by Advanced Design System
(ADS) and 0.18um CMOS Process is used for all transistors. The
performance is evaluated in different situations, compared in table 2. First,
the LNA is analyzed by lumped elements except transistors. Second, all
elements, including inductors and capacitors, are substituted with their
counterparts in 0.18 um technology. Next, just Ig1 from the first stage is
replaced by a lumped inductor and results are extracted. Ultimately, all
circumstances are scrutinized by increasing source voltage and the trade-
offs are mentioned.

Table 1: Comparison Of The Performance Against Voltage Sources And
Elements

Elements* L L L R R R R
Vvdd(volt) 0.1 0.3 0.5 0.1 0.1 0.3 0.5
NF(dB) 0.96 0.58 0.47 2.8 1.4 2.27 2.14
S11(dB) -19 -18 -17 -20 -20 -16 -15
S22(dB) -16 -15 -15 -19 -19 -159 | -15
S12(dB) -47 -48 -47 -48 -47 -49 -48
S21(dB) 179 | 22 23 14 154 | 188 20
Pdiss(pW) 140 515 946 139 139 510 937
n 5.7 4.5 4 7.5 7.5 5 4.6
e R=REAL L=LUMPED (except transistors)

The results are demonstrated from figure 8 to figure 25. The trade-off
between power consumption and noise figure in both lumped and real
elements is observed. In fact, the higher the voltage supply is, the lower
noise figure will be. In addition, the noise figure declines considerably by
substituting Ig1 with a lumped inductor. Indeed, the best input impedance
matching and output impedance matching are achieved by the

substitution of spiral 1gl for lumped Igl with the minimum power
consumption. The power gain of the LNA is in the best situation when vdd
is increased to 0.5 volt. The progress, however, is gained by the
expenditure of more power consumption, i.e. 937 or 946 micro watt.
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Figure 8: p Stability with lumped-elements and vdd from 0.1 to 0.5
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Figure 9: Noise Figure and Noise Figure minimum with lumped-
elements and vdd from 0.1 to 0.5
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Figure 10: S11 with lumped-elements and vdd from 0.1 to 0.5
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Figure 11: S12 with lumped-elements and vdd from 0.1 to 0.5
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Figure 12: S21 with lumped-elements and vdd from 0.1 to 0.5
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Figure 13: S22 with lumped-elements and vdd from 0.1 to 0.5
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Figure 15: Noise Figure and Noise Figure minimum with real elements
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Figure 19: S11 with real elements and vdd=0.1 and lumped Igl
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Figure 20: p Stability with real elements and vdd=0.1 and lumped Ig1
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Figure 16: S11 with real elements and vdd from 0.1 to 0.5 and spiral Igl
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Figure 17: S21 with real elements and vdd from 0.1 to 0.5 and spiral g1
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Figure 18: S22 with real elements and vdd from 0.1 to 0.5 and spiral g1
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Figure 22: S21 with real elements and vdd=0.1 and lumped Ig1
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Figure 23: S22 with real elements and vdd=0.1 and lumped Igl

The operation of an LNA might be scrutinized more superior provided that
all parameters participate to form criteria. The criteria can be created by
three divergent figures of merit (FOM) given by [15], [17-18]:

20 % log|s2
Fomi- — 947 9[s21 ®
Pdc
|s21]
FOM?2 = (©))
INF -1 x Py,
Gain[abs HP3[mW f~[GHz
FOM3 = [abs] =< [mW]x fe[ ](0)

[NF —1[abs] x Py [mW]

The results of the LNA is compared with other state-of-the-art in table 3.
The best FOM belongs to the LNA with 0.1 volt and lumped elements. The
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LNA has acceptable FOM when all elements are real except lgl. Even
though all elements are real, the performance of the LNA when the supply
voltage is 0.1 is suitable, especially when considering power consumption,
i.e. 139 uW. All aforementioned criteria might be considered as useless if
the LNA is not stable. Hence, mu () stability test is used to evaluate the
stability of the LNA, given by:

2 2 2
_1—\511\ ~|s22]" +]a|

2x[s12° x[s21° an

A =S11x822-S12xS21

In fact, the () stability guarantees that the LNA is unconditionally stable
provided that p is larger than one. In addition, the larger p is, the more
stable the LNA will be. As it can be observed in table 2, the LNA is stable in
all different voltage supplies. Moreover, the LNA is more stable when the
voltage supply is 0.1 volt. Indeed, the LNA is more stable and power
consumption is minimized by sacrificing the gain and noise figure.

The linearity of the LNA is assessed by IIP3, depicted in figure 24 and
figure 25. The linearity is in the best situation with real elements versus
the worst with lumped elements. Plus, the higher the supply voltage is, the
less linear the LNA is.
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Figure 24: [IP3 with real elements and vdd=0.1
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Figure 25: [IP3 with Lumped-elements and vdd=0.1

Table 2: Performance Summary And Comparison With Other State-Of-The-Art

TECHNOLOGY Frequency Supply Power(diss) S21 NF S11 S22 1IP3 FOM1 FOM2 FOM3
voltage
unit pum GHz \" mW dB dB dB dB dBm dB/mwW 1/mwW -
This work + 0.18 5 0.1 0.140 17.9 0.96 -19 -16 -9 127 2804 1765
lumped
This work + 0.18 5 0.1 0.139 14 2.8 -20 -19 -8 100 40 31
all real
This work 0.18 5 0.1 0.139 15.4 1.4 -20 -19 -9 110 211 133
+all real
except Igl
This work+ 0.18 5 0.5 0.946 23 047 | -17 -15 14 24 56 11
lumped
This work+ 0.18 5 0.5 0.937 20 2.14 -15 -15 -11 21 18 7
all real
[19] 0.09 5.5 1.2 9.72 13 2.7 -11.7 -14 -3.25 1.34 0.53 1.39
[20] 0.09 5.5 0.6 21 11.2 3.6 -28 -14 -8.6 5.33 1.34 1.02
[21] 0.18 5 1.5 15 20 3.5 -20 -20 -9 1.33 0.54 0.34
[22] 0.18 5.8 1 22.2 13.2 2.5 -5.3 -10.3 - 0.59 0.26 -
0.18 5.8 0.7 12.5 7 2.68 -7.1 -12.3 - 0.56 0.21 -
[23] 0.25 5.2 2 10 10 3 -30 - 0.3 1 0.32 1.77
0.25 5.2 2 10 11 2.17 -45 - 0.3 1.1 0.55 3.05
[24] 0.25 5.25 3 12 14.4 2.8 -11.5 -12.3 -1.5 1.2 0.48 1.8
0.25 5.25 3 24 16 2.5 -12.3 -11.9 -1.5 0.67 0.34 1.26
[25] 0.25 5.8 2 10 8 4.8 -23.5 -10.3 10 0.8 0.12 6.84
[26] 0.18 5.7 1.8 3.96 11.47 3.4 -14 -17 - 2.89 0.79 -
[27] 0.18 5.7 1 3.2 16.4 35 -11 -15 - 5.12 1.67 -
[28] 0.13 5.1 0.4 1.03 10.3 5.3 -17.7 -11.4 - 10.02 1.33 -
[29] 0.09 5.5 1.2 9.72 12.3 2.7 -10.3 -19 -3 1.27 0.49 0.68
[30] 0.09 5.5 0.6 1 9.2 3.6 -10 -14 -7.25 9.01 2.23 2.3
0.09 5.5 0.8 5.4 14.4 2.9 -13.4 -10.7 -6.2 2.67 1.02 1.35
[31] 0.18 5 0.6 0.9 9.2 4.5 -12 -21 -16 10.22 1.76 0.23
[32] 0.18 5.2 0.6 1.08 10 3.37 -13.4 -10.6 -8.6 9.26 2.5 1.78
0.18 5 0.6 1.68 14.1 3.65 -12.7 -14 -17.1 8.39 2.29 0.23
[33] 0.18 5.2 1.8 12.4 16.5 11 <-20 -13 -11.5 1.33 1.87 7.61
[34] 0.18 5.8 1.8 3.42 9.4 2.5 133 -14.8 7.6 2.75 1.11 1.16
[35] 0.18 5.4 1.8 2.7 21 2.8 <-10 - 23 7.78 4.59 0.125
[36] 0.09 2.6-10.2 1.2 7.2 12.5 3-7 <9 - - 1.74 0.47 -
[37] 0.13 5.65 1.2 6.4 14.9 4.8 -32.4 - -4.2 2.33 0.43 0.99
[38] 0.18 5 1.5 12 11 0.95 -33 -13 5 0.92 1.21 187
[15] 0.18 5.8 0.6 0.798 11.21 3.22 -19.1 -14.67 -9 14.04 4.14 3
0.18 5.8 0.6 0.834 13.92 3.32 -12.74 -13.38 -11.5 16.69 5.19 2.1

6. CONCLUSION

This paper revolves around designing an LNA with the main focus on
precise calculation and ultra-low-power consumption. The precise
formulas are calculated to minimize the error coming from the calculation

of inputimpedance, output impedance, and the gain. Indeed, forward body
biasing technique contributes to diminishing the voltage supply, thus
declining the power consumption. Different types of trade-offs are
observed between power consumption, gain, noise figure, and linearity.
Although the technology has been scaled down from micrometer to
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nanometer and this paper is in 0.18 um, the calculations extracted in this
paper are irrelevant to technology and applicable to other technologies. In
addition, the LNA is notimplemented and it is just designed and simulated.
Nonetheless, it has been declared in other state-of-the-art that the
simulation results are close to real results. Therefore, it might be deduced
that if the LNA is implemented, the results might be close enough to the
simulation results.
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APPENDIX

. NUMZIN

zin=————
DENZIN

NUMZIN=(cgsxcgdxcoxldxlgxlsxroutxzo+cgsxcdsxcoxldxlgxlsxroutxzo+
cgdxcdsxcoxldxlgxlsxroutxzo)xs”6+(cgsxcgdxldxlgxlsxrout+cgsxcdsxld
x]gxlsxrout+cgdxcdsxldxlgxlsxrout+cgsxcoxldxlgxlsxzo+cgdxcoxldxlgx
Isxzo+cgdxcoxgmxldxlgxlsxroutxzo+cgsxcgdxcoxldxlgxrlsxroutxzo+cgs
xcdsxcoxldxlgxrlsxroutxzo+cgdxcdsxcoxldxlgxrlsxroutxzo+cgsxcgdxco
xldxlsxrlgxroutxzo+cgsxcdsxcoxldxlsxrlgxroutxzo+cgdxcdsxcoxldxlsxr
Igxroutxzo+cgsxcgdxcoxlgxlsxrldxroutxzo+cgsxcdsxcoxlgxlsxrldxroutx
zo+cgdxcdsxcoxlgxlsxrldxroutxzo)xs*5+(cgsxldxlgxls+cgdxldxlgxls+cg
dxgmxldxIgxlsxrout+cgsxcgdxldxlgxrlsxrout+cgsxcdsxldxlgxrlsxrout+c
gdxcdsxldxlgxrlsxrout+cgsxcgdxldxlsxrlgxrout+cgsxcdsxldxlsxrlgxrout
+cgdxcdsxldxlsxrlgxrout+cgsxcgdxlgxlsxrldxrout+cgsxcdsxlgxlsxrldxro
ut+cgdxcdsxlgxlsxrldxrout+cgsxcgdxldxlgxroutxzo+cgsxcdsxldxlgxrout
xzo+cgdxcdsxldxlgxroutxzo+cgsxcgdxldxlsxroutxzo+cgsxcdsxldxlsxrou
txzo+cgdxcdsxldxlsxroutxzo+cgsxcgdxlgxlsxroutxzo+cgsxcdsxlgxlsxro
utxzo+cgdxcdsxlgxlsxroutxzo+cgsxcoxldxlgxrlsxzo+cgdxcoxldxlgxrlsxz
o+cgsxcoxldxlgxroutxzo+cgdxcoxldxlgxroutxzo+cgsxcoxldxlsxrlgxzo+c
gdxcoxldxlsxrlgxzo+cgsxcoxlgxlsxrldxzo+cgdxcoxlgxlsxrldxzo+cgsxcox
ldxIsxroutxzo+cdsxcoxldxlsxroutxzo+cgdxcoxgmxldxlgxrlsxroutxzo+
cgdxcoxgmxldxlsxrlgxroutxzo+cgdxcoxgmxlgxlsxrldxroutxzo+cgsxcgd
xcoxldxrlgxrlsxroutxzo+cgsxcdsxcoxldxrlgxrlsxroutxzo+cgdxcdsxcoxld
xrlgxrlsxroutxzo+cgsxcgdxcoxlgxrldxrlsxroutxzo+cgsxcdsxcoxlgxrldxrl
sxroutxzo+cgdxcdsxcoxlgxrldxrlsxroutxzo+cgsxcgdxcoxlsxrldxrigxrout
xzo+cgsxcdsxcoxlsxrldxrlgxroutxzo+cgdxcdsxcoxlsxrldxrlgxroutxzo)xs
"+ (cgsxldxlgxrls+cgdxldxlgxrls+cgsxldxlgxrout+cgdxldxlgxrout+cgsx1
dxIsxrlg+cgdxldxIsxrlg+cgsxlgxlsxrld+cgdxlgxlsxrld+cgsxldxlsxrout+cd
sxldxlsxrout+cgsxldxlgxzo+cgdxldxlgxzo+cgsxldxlsxzo+cgdxldxlsxzo+c
gsxlgxlsxzo+cgdxlgxlsxzo+coxldxlsxzo+cgdxgmxldxlgxrlsxrout+cgdxg
mxldxIsxrlgxrout+cgdxgmxlgxIsxrldxrout+cgsxcgdxldxrlgxrlsxrout+cgs
xcdsxldxrlgxrlsxrout+cgdxcdsxldxrlgxrlsxrout+cgsxcgdxlgxrldxrlsxrou
t+cgsxcdsxIgxrldxrlsxrout+cgdxcdsxlgxrldxrlsxrout+cgsxcgdxlsxrldxrlg
xrout+cgsxcdsxlsxrldxrlgxrout+cgdxcdsxlsxrldxrlgxrout+cgdxgmxldxlg
xroutxzo+cgdxgmxldxlsxroutxzo+cgdxgmxlgxlsxroutxzo+coxgmxldxls
xroutxzo+cgsxcgdxldxrlgxroutxzo+cgsxcdsxldxrlgxroutxzo+cgdxcdsxld
xrlgxroutxzo+cgsxcgdxldxrlsxroutxzo+cgsxcdsxldxrlsxroutxzo+cgdxcd
sxldxrlsxroutxzo+cgsxcgdxlgxrldxroutxzo+cgsxcdsxlgxrldxroutxzo+cg
dxcdsxlgxrldxroutxzo+cgsxcgdxlgxrlsxroutxzo+cgsxcdsxlgxrlsxroutxzo
+cgdxcdsxlgxrlsxroutxzo+cgsxcgdxIsxrldxroutxzo+cgsxcdsxlsxrldxrout
xzo+cgdxcdsxlsxrldxroutxzo+cgsxcgdxIsxrlgxroutxzo+cgsxcdsxIsxrlgxr
outxzo+cgdxcdsxIsxrlgxroutxzo+cgsxcoxldxrlgxrlsxzo+cgdxcoxldxrlgxr
Isxzo+cgsxcoxlgxrldxrlsxzo+cgdxcoxlgxrldxrlsxzo+cgsxcoxldxrlgxrout
xzo+cgdxcoxldxrlgxroutxzo+cgsxcoxldxrlsxroutxzo+cdsxcoxldxrlsxrou
txzo+cgsxcoxlgxrldxroutxzo+cgdxcoxlgxrldxroutxzo+cgsxcoxlsxrldxrlg
xzo+cgdxcoxlsxrldxrlgxzo+cgsxcoxlsxrldxroutxzo+cdsxcoxlsxrldxroutx
zo+cgdxcoxgmxldxrlgxrlsxroutxzo+cgdxcoxgmxlgxrldxrlsxroutxzo+cg
dxcoxgmxlsxrldxrlgxroutxzo+cgsxcgdxcoxrldxrlgxrlsxroutxzo+cgsxcds
xcoxrldxrlgxrlsxroutxzo+cgdxcdsxcoxrldxrlgxrlsxroutxzo)xs”3+(1dxls
+gmxldxIsxrout+cgsxldxrlgxrls+cgdxldxrlgxrls+cgsxlgxrldxrls+cgdxlgx
rldxrls+cgsxldxrlgxrout+cgdxldxrlgxrout+cgsxldxrlsxrout+cdsxldxrlsxr
out+cgsxlgxrldxrout+cgdxlgxrldxrout+cgsxlsxrldxrlg+cgdxlsxrldxrlg+c
gsxIsxrldxrout+cdsxIsxrldxrout+cgsxldxrlgxzo+cgdxldxrlgxzo+cgsxldxr
Isxzo+cgdxldxrlsxzo+cgsxlgxrldxzo+cgdxlgxrldxzo+cgsxlgxrlsxzo+cgdx
lgxrlsxzo+cgdxldxroutxzo+cdsxldxroutxzo+cgsxlgxroutxzo+cgdxlgxrou
txzo+cgsxlsxrldxzo+cgdxlsxrldxzo+cgsxlsxrlgxzo+cgdxIsxrlgxzo+cgsxls
xroutxzo+cdsxlsxroutxzo+coxldxrlsxzo+coxldxroutxzo+coxlsxrldxzo+c
gdxgmxldxrigxrlsxrout+cgdxgmxlgxrldxrlsxrout+cgdxgmxlsxrldxrlgxr
out+cgsxcgdxrldxrlgxrlsxrout+cgsxcdsxrldxrigxrlsxrout+cgdxcdsxrldxr
Igxrlsxrout+cgdxgmxldxrlgxroutxzo+cgdxgmxldxrlsxroutxzo+cgxgmxl
gxrldxroutxzo+cgdxgmxlgxrlsxroutxzo+cgdxgmxlsxrldxroutxzo+cgdxg
mxlIsxrlgxroutxzo+coxgmxldxrlsxroutxzo+coxgmxlsxrldxroutxzo+cgsx
cgdxrldxrlgxroutxzo+cgsxcdsxrldxrlgxroutxzo+cgdxcdsxrldxrlgxroutxz
o+cgsxcgdxrldxrlsxroutxzo+cgsxcdsxrldxrlsxroutxzo+cgdxcdsxrldxrlsx
routxzo+cgsxcgdxrlgxrlsxroutxzo+cgsxcdsxrlgxrlsxroutxzo+cgdxcdsxrl
gxrlsxroutxzo+cgsxcoxrldxrlgxrlsxzo+cgdxcoxrldxrlgxrlsxzo+cgsxcoxrl
dxrlgxroutxzo+cgdxcoxrldxrlgxroutxzo+cgsxcoxrldxrlsxroutxzo+cdsxc
oxrldxrlsxroutxzo+cgdxcoxgmxrldxrlgxrlsxroutxzo)xs*2+(ldxrls+ldxro
ut+lsxrld+ldxzo+lsxzo+gmxldxrlsxrout+gmxlsxrldxrout+cgsxrldxrlgxrl
s+cgdxrldxrlgxrls+cgsxrldxrlgxrout+cgdxrldxrigxrout+cgsxrldxrlsxrout
+cdsxrldxrlsxrout+gmsxlsxroutxzo+cgsxrldxrlgxzo+cgdxrldxrlgxzo+cgs
xrldxrlsxzo+cgdxrldxrlsxzo+cgsxrlgxrlsxzo+cgdxrlgxrlsxzo+cgdxrldxro
utxzo+cdsxrldxroutxzo+cgsxrlgxroutxzo+cgdxrlgxroutxzo+cgsxrlsxrou
txzo+cdsxrlsxroutxzo+coxrldxrlsxzo+coxrldxroutxzo+cgdxgmxrldxrigx
rlsxrout+cgdxgmxrldxrlgxroutxzo+cgdxgmxrldxrlsxroutxzo+cgdxgmxr
lgxrlsxroutxzo+coxgmxrldxrlsxroutxzo)xs+rldxrls+rldxrout+rldxzo+rls
x zo+routxzo+gmxrldxrlsxrout+gmxrlsxroutxzo

(AD

DENZIN=(cgsxcgdxcoxldxIsxroutxzo+cgsxcdsxcoxldxlsxroutxzo+cgdxc
dsxcoxldxlsxroutxzo)xs"5+(cgsxcgdxldxlsxrout+cgsxcdsxldxlsxrout+cg
dxcdsxldxIsxrout+cgsxcoxldxlsxzo+cgdxcoxldxlsxzo+cgdxcoxgmxldxls
xroutxzo+cgsxcgdxcoxldxrlsxroutxzo+cgsxcdsxcoxldxrlsxroutxzo+cgd
xcdsxcoxldxrlsxroutxzo+cgsxcgdxcoxlsxrldxroutxzo+cgsxcdsxcoxlsxrl
dxroutxzo+cgdxcdsxcoxlsxrldxroutxzo)xs”4+(cgsxldxls+cgdxldxIs+cgd
xgmxldxlsxrout+cgsxcgdxldxrlsxrout+cgsxcdsxldxrlsxrout+cgdxcdsxld
xrlsxrout+cgsxcgdxlsxrldxrout+cgsxcdsxlsxrldxrout+cgdxcdsxIsxrldxr
out+cgsxcgdxldxroutxzo+cgsxcdsxldxroutxzo+cgdxcdsxldxroutxzo+cgs
xcgdxIsxroutxzo+cgsxcdsxlsxroutxzo+cgdxcdsxlsxroutxzo+cgsxcoxldxr
Isxzo+cgdxcoxldxrlsxzo+cgsxcoxldxroutxzo+cgdxcoxldxroutxzo+cgsxc
oxIsxrldxzo+cgdxcoxlsxrldxzo+cgdxcoxgmxldxrlsxroutxzo+cgdxcoxgm
xIsxrldxroutxzo+cgsxcgdxcoxrldxrlsxroutxzo+cgsxcdsxcoxrldxrlsxrout
xzo+cgdxcdsxcoxrldxrlsxroutxzo)xs”3+(cgsxldxrls+cgdxldxrls+cgsxldx
rout+cgdxldxrout+cgsxlsxrld+cgdxlsxrld+cgsxldxzo+cgdxldxzo+cgsxlsx
zo+cgdxlsxzo+cgdxgmxldxrlsxrout+cgdxgmxlsxrldxrout+cgsxcgdxrldxr
Isxrout+cgsxcdsxrldxrlsxrout+cgdxcdsxrldxrlsxrout+cgdxgmxldxroutx
zo+cgdxgmxlsxroutxzo+cgsxcgdxrldxroutxzo+cgsxcdsxrldxroutxzo+cg
dxcdsxrldxroutxzo+cgsxcgdxrlsxroutxzo+cgsxcdsxrlsxroutxzo+cgdxcds
xrlsxroutxzo+cgsxcoxrldxrlsxzo+cgdxcoxrldxrlsxzo+cgsxcoxrldxroutxz
o+cgdxcoxrldxroutxzo+cgdxcoxgmxrldxrlsxroutxzo)xs”2+(cgsxrldxrls
+cgdxrldxrls+cgsxrldxrout+cgdxrldxrout+cgsxrldxzo+cgdxrldxzo+cgsx
rlsxzo+cgdxrlsxzo+cgsxroutxzo+cgdxroutxzo+cgdxgmxrldxrlsxrout+cg
dxgmxrldxroutxzo+cgdxgmxrlsxroutxzo)xs
NUMZOUT

ZOUT = —— ‘22— (A2)
DENZOUT

NUMZOUT=ldx(cgsxcgdxlgxlsxrout+cgsxcdsxlgxlsxrout+cgdxcdsxlgxIsx
rout)xs”5+(ldx(cgsxIgxls+cgdxlgxls+cgdxgmxlgxlsxrout+cgsxcgdxlgxrl
sxrout+cgsxcdsxlgxrlsxrout+cgdxcdsxlgxrlsxrout+cgsxcgdxlsxrlgxrout
+cgsxcdsxIsxrlgxrout+cgdxcdsxlsxrlgxrout+cgsxcgdxlsxroutxzo+cgsxcd
sxlsxroutxzo+cgdxcdsxlsxroutxzo)+rldx(cgsxcgdxlgxlsxrout+cgsxcdsxl
gxlsxrout+cgdxcdsxlgxlsxrout))xs*4+(1dx (cgsxlgxrls+cgdxlgxrls+cgsxlg
xrout+cgdxlgxrout+cgsxlsxrlg+cgdxlsxrlg+cgsxlsxrout+cdsxlsxrout+cgs
xlsxzo+cgdxlsxzo+cgdxgmxlgxrlsxrout+cgdxgmxlsxrigxrout+cgsxcgdxr
Igxrlsxrout+cgsxcdsxrlgxrlsxrout+cgdxcdsxrlgxrlsxrout+cgdxgmxlsxro
utxzo+cgsxcgdxrlsxroutxzo+cgsxcdsxrlsxroutxzo+cgdxcdsxrlsxroutxzo
)+rldx(cgsxlgxls+cgdxlgxls+cgdxgmxlgxlsxrout+cgsxcgdxlgxrlsxrout+c
gsxcdsxlgxrlsxrout+cgdxcdsxlgxrlsxrout+cgsxcgdxlsxrlgxrout+cgsxcds
x|sxrlgxrout+cgdxcdsxlsxrlgxrout+cgsxcgdxIsxroutxzo+cgsxcdsxlsxrou
txzo+cgdxcdsxlsxroutxzo))xs”3+(rldx (cgsxlgxrls+cgdxIgxrls+cgsxlgxro
ut+cgdxlgxrout+cgsxlsxrlg+cgdxlsxrig+cgsxlsxrout+cdsxlsxrout+cgsxls
xzo+cgdxlsxzo+cgdxgmxlgxrlsxrout+cgdxgmxlsxrlgxrout+cgsxcgdxrigx
rlsxrout+cgsxcdsxrlgxrlsxrout+cgdxcdsxrlgxrlsxrout+cgdxgmxlsxroutx
zo+cgsxcgdxrlsxroutxzo+cgsxcdsxrlsxroutxzo+cgdxcdsxrlsxroutxzo)+1
dx(Is+gmxlsxrout+cgsxrigxrls+cgdxrigxrls+cgsxrlgxrout+cgdxrlgxrout+
cgsxrlsxrout+cdsxrlsxrout+cgsxrlsxzo+cgdxrlsxzo+cgsxroutxzo+cgdxro
utxzo+cgdxgmxrlgxrlsxrout+cgdxgmxrlsxroutxzo))xs”2+(ldx(rls+rout+
gmxrlsxrout)+rldx(ls+gmxIsxrout+cgsxrlgxrls+cgdxrlgxrls+cgsxrlgxrou
t+cgdxrlgxrout+cgsxrlsxrout+cdsxrlsxrout+cgsxrlsxzo+cgdxrlsxzo+cgs
xroutxzo+cgdxroutxzo+cgdxgmxrlgxrlsxrout+cgdxgmxrlsxroutxzo))xs
+rldx(rls+rout+gmxrlsxrout)

DENZOUT=(cgsxcgdxcoxldxlgxlsxrout+cgsxcdsxcoxldxlgxlsxrout+cgdx
cdsxcoxldxlgxlsxrout)xs”6+(cgsxcoxldxlgxls+cgdxcoxldxlgxls+cgdxcox
gmxldxlgxlsxrout+cgsxcgdxcoxldxlgxrlsxrout+cgsxcdsxcoxldxlgxrlsxro
ut+cgdxcdsxcoxldxlgxrlsxrout+cgsxcgdxcoxldxlsxrlgxrout+cgsxcdsxco
xldxlsxrlgxrout+cgdxcdsxcoxldxlsxrlgxrout+cgsxcgdxcoxlgxlsxrldxrout
+cgsxcdsxcoxlgxlsxrldxrout+cgdxcdsxcoxlgxlsxrldxrout+cgsxcgdxcoxl
dxIsxroutxzo+cgsxcdsxcoxldxlsxroutxzo+cgdxcdsxcoxldxlsxroutxzo)xs
A5+ (cgsxcgdxldxlgxrout+cgsxcdsxldxlgxrout+cgdxcdsxldxlgxrout+cgsx
cgdxldxIsxrout+cgsxcdsxldxlsxrout+cgdxcdsxldxlsxrout+cgsxcgdxlgxls
xrout+cgsxcdsxlgxIsxrout+cgdxcdsxlgxIsxrout+cgsxcoxldxlgxrls+cgdxc
oxldxlgxrls+cgsxcoxldxlgxrout+cgdxcoxldxlgxrout+cgsxcoxldxlsxrlg+c
gdxcoxldxlsxrlg+cgsxcoxlgxlsxrld+cgdxcoxlgxlsxrld+cgsxcoxldxIsxrout
+cdsxcoxldxIsxrout+cgsxcoxldxlsxzo+cgdxcoxldxIsxzo+cgdxcoxgmxldx
Igxrlsxrout+cgdxcoxgmxldxIsxrlgxrout+cgdxcoxgmxIgxlsxrldxrout+
cgsxcgdxcoxldxrlgxrlsxrout+cgsxcdsxcoxldxrlgxrlsxrout+cgdxcdsxcox]
dxrlgxrlsxrout+cgsxcgdxcoxlgxrldxrlsxrout+cgsxcdsxcoxlgxrldxrlsxrou
t+cgdxcdsxcoxlgxrldxrlsxrout+cgsxcgdxcoxIsxrldxrlgxrout+cgsxcdsxco
xIsxrldxrlgxrout+cgdxcdsxcoxlsxrldxrlgxrout+cgdxcoxgmxldxlsxroutx
zo+cgsxcgdxcoxldxrlsxroutxzo+cgsxcdsxcoxldxrlsxroutxzo+cgdxcdsxc
oxldxrlsxroutxzo+cgsxcgdxcoxlsxrldxroutxzo+cgsxcdsxcoxlsxrldxrout
xzo+cgdxcdsxcoxlsxrldxroutxzo)xs"4+(cgsxldxlg+cgdxldxlg+cgsxldxls
+cgdxldxls+cgsxlgxls+cgdxlgxls+coxldxls+cgdxgmxldxlgxrout+cgdxgm
xldxIsxrout+cgdxgmxlgxlsxrout+coxgmxldxlsxrout+cgsxcgdxldxrlgxro
ut+cgsxcdsxldxrlgxrout+cgdxcdsxldxrlgxrout+cgsxcgdxldxrlsxrout+cgs
xcdsxldxrlsxrout+cgdxcdsxldxrlsxrout+cgsxcgdxlgxrldxrout+cgsxcdsxl
gxrldxrout+cgdxcdsxlgxrldxrout+cgsxcgdxlgxrlsxrout+cgsxcdsxlgxrlsx
rout+cgdxcdsxlgxrlsxrout+cgsxcgdxlsxrldxrout+cgsxcdsxlsxrldxrout+c
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gdxcdsxlsxrldxrout+cgsxcgdxIsxrlgxrout+cgsxcdsxlsxrlgxrout+cgdxcds
x]sxrlgxrout+cgsxcoxldxrlgxrls+cgdxcoxldxrlgxrls+cgsxcoxlgxrldxrls+c
gdxcoxlgxrldxrls+cgsxcoxldxrlgxrout+cgdxcoxldxrlgxrout+cgsxcoxldxr
Isxrout+cdsxcoxldxrlsxrout+cgsxcoxlgxrldxrout+cgdxcoxlgxrldxrout+c
gsxcoxlsxrldxrlg+cgdxcoxlsxrldxrlg+cgsxcoxlsxrldxrout+cdsxcoxlsxrld
xrout+cgsxcgdxldxroutxzo+cgsxcdsxldxroutxzo+cgdxcdsxldxroutxzo+c
gsxcgdxIsxroutxzo+cgsxcdsxlsxroutxzo+cgdxcdsxlsxroutxzo+cgsxcoxld
xrlsxzo+cgdxcoxldxrlsxzo+cgsxcoxldxroutxzo+cgdxcoxldxroutxzo+cgs
xcoxlsxrldxzo+cgdxcoxlsxrldxzo+cgdxcoxgmxldxrlgxrlsxrout+cgdxcox
gmxlgxrldxrlsxrout+cgdxcoxgmxlsxrldxrlgxrout+cgsxcgdxcoxrldxrlgxr
Isxrout+cgsxcdsxcoxrldxrlgxrlsxrout+cgdxcdsxcoxrldxrigxrlsxrout+cgd
xcoxgmxldxrlsxroutxzo+cgdxcoxgmxlsxrldxroutxzo+cgsxcgdxcoxrldxrl
sxroutxzo+cgsxcdsxcoxrldxrlsxroutxzo+cgdxcdsxcoxrldxrlsxroutxzo)x
s”3+(cgsxldxrlg+cgdxldxrlg+cgsxldxrls+cgdxldxrls+cgsxlgxrld+cgdxlgx
rld+cgsxlgxrls+cgdxlgxrls+cgdxldxrout+cdsxldxrout+cgsxlgxrout+cgdxl
gxrout+cgsxlsxrld+cgdxlsxrld+cgsxIsxrlg+cgdxIsxrlg+cgsxlsxrout+cdsxl
sxrout+coxldxrls+coxldxrout+coxlsxrld+cgsxldxzo+cgdxldxzo+cgsxlsxz
o+cgdxlsxzo+cgdxgmxldxrlgxrout+cgdxgmxldxrlsxrout+cgdxgmxlgxrld
xrout+cgdxgmxIgxrlsxrout+cgdxgmxlsxrldxrout+cgdxgmxlsxrlgxrout+c
oxgmxldxrlsxrout+coxgmxlsxrldxrout+cgsxcgdxrldxrlgxrout+cgsxcdsx
rldxrlgxrout+cgdxcdsxrldxrlgxrout+cgsxcgdxrldxrlsxrout+cgsxcdsxrld
xrlsxrout+cgdxcdsxrldxrlsxrout+cgsxcgdxrlgxrlsxrout+cgsxcdsxrlgxrls
xrout+cgdxcdsxrlgxrlsxrout+cgsxcoxrldxrlgxrls+cgdxcoxrldxrlgxrls+cg
sxcoxrldxrlgxrout+cgdxcoxrldxrlgxrout+cgsxcoxrldxrlsxrout+cdsxcoxr
ldxrlsxrout+cgdxgmxldxroutxzo+cgdxgmxlsxroutxzo+cgsxcgdxrldxrou
txzo+cgsxcdsxrldxroutxzo+cgdxcdsxrldxroutxzo+cgsxcgdxrlsxroutxzo
+cgsxcdsxrlsxroutxzo+cgdxcdsxrlsxroutxzo+cgsxcoxrldxrlsxzo+cgdxco
xrldxrlsxzo+cgsxcoxrldxroutxzo+cgdxcoxrldxroutxzo+cgdxcoxgmxrldx
rigxrlsxrout+cgdxcoxgmxrldxrlsxroutxzo)xs”2+(ld+ls+gmxlsxrout+cgs
xrldxrlg+cgdxrldxrlg+cgsxrldxrls+cgdxrldxrls+cgsxrlgxrls+cgdxrlgxrls+
cgdxrldxrout+cdsxrldxrout+cgsxrlgxrout+cgdxrlgxrout+cgsxrlsxrout+c
dsxrlsxrout+coxrldxrls+coxrldxrout+cgsxrldxzo+cgdxrldxzo+cgsxrlsxz
o+cgdxrlsxzo+cgsxroutxzo+cgdxroutxzo+cgdxgmxrldxrlgxrout+cgdxg
mxrldxrlsxrout+cgdxgmxrlgxrlsxrout+coxgmxrldxrlsxrout+cgdxgmxrl
dxroutxzo+cgdxgmxrlsxroutxzo)xs+rld+rls+rout+gmxrlsxrout

. NUMGAIN
Gain= ———— (A3)
DENGAIN

NUMGAIN=Idxzox(cgsxcgdxlsxrout+cgsxcdsxlsxrout+cgdxcdsxlsxrout)
xs”4+(ldxzox (cgsxIs+cgdxIs+cgdxgmxIsxrout+cgsxcgdxrlsxrout+cgsxcd
sxrlsxrout+cgdxcdsxrlsxrout)+rldxzox(cgsxcgdxIsxrout+cgsxcdsxlsxro
ut+cgdxcdsxlsxrout))xs”3+(rldxzox (cgsxIs+cgdxls+cgdxgmxIsxrout+cg
sxcgdxrlsxrout+cgsxcdsxrlsxrout+cgdxcdsxrlsxrout)+ldxzox(cgsxrls+cg
dxrls+cgdxrout+cgdxgmxrlsxrout))xs” 2+(rldxzox(cgsxrls+cgdxrls+cgd
xrout+cgdxgmxrlsxrout)-gmxldxroutxzo)xs-gmxrldxroutxzo

DENGAIN=(cgsxcgdxcoxldxlgxlsxroutxzo+cgsxcdsxcoxldxlgxlsxroutxzo
+cgdxcdsxcoxldxlgxlsxroutxzo)xs”6+(cgsxcgdxldxlgxlsxrout+cgsxcdsxl
dxIgxlsxrout+cgdxcdsxldxlgxlsxrout+cgsxcoxldxlgxlsxzo+cgdxcoxldxlg
xIsxzo+cgsxcgdxcoxldxlsxroutxzo”2+cgsxcdsxcoxldxlsxroutxzo”2+cgd
xcdsxcoxldxlsxroutxzo”2+cgdxcoxgmxldxlgxlsxroutxzo+cgsxcgdxcoxl
dxlgxrlsxroutxzo+cgsxcdsxcoxldxlgxrlsxroutxzo+cgdxcdsxcoxldxlgxrls
xroutxzo+cgsxcgdxcoxldxlsxrlgxroutxzo+cgsxcdsxcoxldxlsxrlgxroutxz
o+cgdxcdsxcoxldxIsxrlgxroutxzo+cgsxcgdxcoxlgxlsxrldxroutxzo+cgsxc
dsxcoxlgxlsxrldxroutxzo+cgdxcdsxcoxlgxlsxrldxroutxzo)xs*5+(cgsxld
xlgxls+cgdxldxlgxls+cgsxcoxldxlsxzo”2+cgdxcoxldxlsxzo 2+cgdxgmx]
dxlgxlsxrout+cgsxcgdxldxlgxrlsxrout+cgsxcdsxldxlgxrlsxrout+cgdxcds
xldxlgxrlsxrout+cgsxcgdxldxlsxrlgxrout+cgsxcdsxldxlsxrlgxrout+cgdxc
dsxldxIsxrlgxrout+cgsxcgdxlgxlsxrldxrout+cgsxcdsxlgxlsxrldxrout+cgd
xcdsxlgxIsxrldxrout+cgsxcgdxldxlgxroutxzo+cgsxcdsxldxlgxroutxzo+cg
dxcdsxldxlgxroutxzo+2xcgsxcgdxldxlsxroutxzo+2xcgsxcdsxldxlsxrout
xzo+2xcgdxcdsxldxlsxroutxzo+cgsxcgdxlgxlsxroutxzo+cgsxcdsxlgxlsxr
outxzo+cgdxcdsxlgxlsxroutxzo+cgsxcoxldxlgxrlsxzo+cgdxcoxldxIgxrlsx
zo+cgsxcoxldxlgxroutxzo+cgdxcoxldxlgxroutxzo+cgsxcoxldxIsxrlgxzo+
cgdxcoxldxlsxrlgxzo+cgsxcoxlgxlsxrldxzo+cgdxcoxlgxlsxrldxzo+cgsxco
xldxlsxroutxzo+cdsxcoxldxlsxroutxzo+cgdxcoxgmxldxlsxroutxzo”2+cg
sxcgdxcoxldxrlsxroutxzo”2+cgsxcdsxcoxldxrlsxroutxzo”2+cgdxcdsxco
xldxrlsxroutxzo”2+cgsxcgdxcoxlsxrldxroutxzo”2+cgsxcdsxcoxlsxrldxr
outxzo”2+cgdxcdsxcoxlsxrldxroutxzo”2+cgdxcoxgmxldxlgxrlsxroutxz
o+cgdxcoxgmxldxlsxrlgxroutxzo+cgdxcoxgmxlgxlsxrldxroutxzo+cgsxc
gdxcoxldxrlgxrlsxroutxzo+cgsxcdsxcoxldxrlgxrlsxroutxzo+cgdxcdsxco
xldxrlgxrlsxroutxzo+cgsxcgdxcoxlgxrldxrlsxroutxzo+cgsxcdsxcoxlgxrl
dxrlsxroutxzo+cgdxcdsxcoxlgxrldxrlsxroutxzo+cgsxcgdxcoxlsxrldxrlgx
routxzo+cgsxcdsxcoxlsxrldxrlgxroutxzo+cgdxcdsxcoxlsxrldxrlgxroutxz
0)xs*4+(cgsxldxlgxrls+cgdxldxlgxrls+cgsxldxlgxrout+cgdxldxlgxrout+c
gsxldxlsxrlg+cgdxldxlsxrlg+cgsxlgxlsxrld+cgdxlgxlsxrld+cgsxldxlsxrout
+cdsxldxIsxrout+cgsxldxlgxzo+cgdxldxlgxzo+2xcgsxldxlsxzo+2xcgdxld

xlsxzo+cgsxlgxlsxzo+cgdxlgxlsxzo+coxldxlsxzo+cgsxcgdxldxroutxzo”2
+cgsxcdsxldxroutxzo” 2+cgdxcdsxldxroutxzo” 2+cgsxcgdxlsxroutxzo” 2
+cgsxcdsxlsxroutxzo”2+cgdxcdsxIsxroutxzo” 2+cgsxcoxldxrlsxzo”2+cg
dxcoxldxrlsxzo”2+cgsxcoxldxroutxzo”2+cgdxcoxldxroutxzo”2+cgsxco
xIsxrldxzo”2+cgdxcoxlsxrldxzo”2+cgdxgmxldxlgxrlsxrout+cgdxgmxld
xIsxrlgxrout+cgdxgmxlgxIsxrldxrout+cgsxcgdxldxrlgxrlsxrout+cgsxcds
xldxrlgxrlsxrout+cgdxcdsxldxrlgxrlsxrout+cgsxcgdxlgxrldxrlsxrout+cg
sxcdsxlgxrldxrlsxrout+cgdxcdsxlgxrldxrlsxrout+cgsxcgdxlsxrldxrlgxro
ut+cgsxcdsxlsxrldxrlgxrout+cgdxcdsxlsxrldxrlgxrout+cgdxgmxldxlgxro
utxzo+2xcgdxgmxldxlsxroutxzo+cgdxgmxlgxlsxroutxzo+coxgmxldxlsx
routxzo+cgsxcgdxldxrlgxroutxzo+cgsxcdsxldxrlgxroutxzo+cgdxcdsxldx
rlgxroutxzo+2xcgsxcgdxldxrlsxroutxzo+2xcgsxcdsxldxrlsxroutxzo+2xc
gdxcdsxldxrlsxroutxzo+cgsxcgdxlgxrldxroutxzo+cgsxcdsxlgxrldxroutx
zo+cgdxcdsxlgxrldxroutxzo+cgsxcgdxlgxrlsxroutxzo+cgsxcdsxlgxrlsxro
utxzo+cgdxcdsxlgxrlsxroutxzo+2xcgsxcgdxlsxrldxroutxzo+2xcgsxcdsxl
sxrldxroutxzo+2xcgdxcdsxlsxrldxroutxzo+cgsxcgdxlsxrlgxroutxzo+cgs
xcdsxIsxrlgxroutxzo+cgdxcdsxIsxrlgxroutxzo+cgsxcoxldxrlgxrlsxzo+cg
dxcoxldxrlgxrlsxzo+cgsxcoxlgxrldxrlsxzo+cgdxcoxlgxrldxrlsxzo+cgsxc
oxldxrlgxroutxzo+cgdxcoxldxrlgxroutxzo+cgsxcoxldxrlsxroutxzo+cdsx
coxldxrlsxroutxzo+cgsxcoxlgxrldxroutxzo+cgdxcoxlgxrldxroutxzo+cgs
xcoxlsxrldxrlgxzo+cgdxcoxlsxrldxrlgxzo+cgsxcoxlsxrldxroutxzo+cdsxc
oxIsxrldxroutxzo+cgdxcoxgmxldxrlsxroutxzo”2+cgdxcoxgmxlsxrldxro
utxzo”2+cgsxcgdxcoxrldxrlsxroutxzo”2+cgsxcdsxcoxrldxrlsxroutxzo”
2+cgdxcdsxcoxrldxrlsxroutxzo”2+cgdxcoxgmxldxrlgxrlsxroutxzo+cgd
xcoxgmxlgxrldxrlsxroutxzo+cgdxcoxgmxlsxrldxrlgxroutxzo+cgsxcgdxc
oxrldxrlgxrlsxroutxzo+cgsxcdsxcoxrldxrlgxrlsxroutxzo+cgdxcdsxcoxrl
dxrlgxrlsxroutxzo)xs”3+(ldxIs+cgsxldxzo”2+cgdxldxzo”2+cgsxlsxzo”2
+cgdxlsxzo”2+gmxldxIsxrout+cgsxldxrlgxrls+cgdxldxrigxrls+cgsxIgxrl
dxrls+cgdxIgxrldxrls+cgsxldxrigxrout+cgdxldxrlgxrout+cgsxldxrlsxrou
t+cdsxldxrlsxrout+cgsxlgxrldxrout+cgdxIgxrldxrout+cgsxIsxrldxrlg+cg
dxIsxrldxrlg+cgsxIsxrldxrout+cdsxIsxrldxrout+cgsxldxrlgxzo+cgdxldxrl
gxzo+2xcgsxldxrlsxzo+2xcgdxldxrlsxzo+cgsxlgxrldxzo+cgdxlgxrldxzo+
cgsxlgxrlsxzo+cgdxlgxrlsxzo+cgsxldxroutxzo+2xcgdxldxroutxzo+cdsxl
dxroutxzo+cgsxlgxroutxzo+cgdxlgxroutxzo+2xcgsxlsxrldxzo+2xcgdxls
xrldxzo+cgsxlsxrlgxzo+cgdxlsxrlgxzo+cgsxlsxroutxzo+cdsxlsxroutxzo+
coxldxrlsxzo+coxldxroutxzo+coxlsxrldxzo+cgdxgmxldxroutxzo”2+cgd
xgmxlsxroutxzo”2+cgsxcgdxrldxroutxzo” 2+cgsxcdsxrldxroutxzo”2+cg
dxcdsxrldxroutxzo”2+cgsxcgdxrlsxroutxzo”2+cgsxcdsxrlsxroutxzo” 2+
cgdxcdsxrlsxroutxzo”2+cgsxcoxrldxrlsxzo”2+cgdxcoxrldxrlsxzo”2+cgs
xcoxrldxroutxzo”2+cgdxcoxrldxroutxzo”2+cgdxgmxldxrlgxrlsxrout+cg
dxgmxlgxrldxrlsxrout+cgdxgmxlsxrldxrlgxrout+cgsxcgdxrldxrigxrlsxr
out+cgsxcdsxrldxrlgxrlsxrout+cgdxcdsxrldxrlgxrlsxrout+cgdxgmxldx
rlgxroutxzo+2xcgdxgmxldxrlsxroutxzo+cgdxgmxlgxrldxroutxzo+cgdxg
mxIgxrlsxroutxzo+2xcgdxgmxlsxrldxroutxzo+cgdxgmxIsxrlgxroutxzo+
coxgmxldxrlsxroutxzo+coxgmxlsxrldxroutxzo+cgsxcgdxrldxrlgxroutxz
o+cgsxcdsxrldxrlgxroutxzo+cgdxcdsxrldxrlgxroutxzo+2xcgsxcgdxrldxr
Isxroutxzo+2xcgsxcdsxrldxrlsxroutxzo+2xcgdxcdsxrldxrlsxroutxzo+cg
sxcgdxrlgxrlsxroutxzo+cgsxcdsxrlgxrlsxroutxzo+cgdxcdsxrlgxrlsxrout
xzo+cgsxcoxrldxrlgxrlsxzo+cgdxcoxrldxrlgxrlsxzo+cgsxcoxrldxrlgxrou
txzo+cgdxcoxrldxrlgxroutxzo+cgsxcoxrldxrlsxroutxzo+cdsxcoxrldxrlsx
routxzo+cgdxcoxgmxrldxrlsxroutxzo”2+cgdxcoxgmxrldxrlgxrlsxroutx
z0)xs”2+(ldxrls+ldxrout+lsxrld+ldxzo+lsxzo+cgsxrldxzo”2+cgdxrldxzo
A2+cgsxrlsxzo”2+cgdxrlsxzo”2+cgsxroutxzo” 2+cgdxroutxzo” 2+gmxld
xrlsxrout+gmxlsxrldxrout+cgsxrldxrlgxrls+cgdxrldxrlgxrls+cgsxrldxrlg
xrout+cgdxrldxrlgxrout+cgsxrldxrlsxrout+cdsxrldxrlsxrout+gmxlsxrou
txzo+cgsxrldxrlgxzo+cgdxrldxrlgxzo+2xcgsxrldxrlsxzo+2xcgdxrldxrlsx
zo+cgsxrlgxrlsxzo+cgdxrlgxrlsxzo+cgsxrldxroutxzo+2xcgdxrldxroutxzo
+cdsxrldxroutxzo+cgsxrlgxroutxzo+cgdxrlgxroutxzo+cgsxrlsxroutxzo+
cdsxrlsxroutxzo+coxrldxrlsxzo+coxrldxroutxzo+cgdxgmxrldxroutxzo”
2+cgdxgmxrlsxroutxzo”2+cgdxgmxrldxrigxrlsxrout+cgdxgmxrldxrlgxr
outxzo+2xcgdxgmxrldxrlsxroutxzo+cgdxgmxrlgxrlsxroutxzo+coxgmxrl
dxrlsxroutxzo)xs+rldxrls+rldxrout+rldxzo+rlsxzo+routxzo+gmxrldxrls
xrout+gmxrlsxroutxzo

In which:

rout: the output resistor of the transistor

zo: the impedance of input or output port

cgd: the capacitor seen through gate-to-drain of the transistor
cds: the capacitor seen through drain-to-source of the transistor
cgs: the capacitor seen through gate-to-source of the transistor
gm: transconductance of the transistor

rlg: the resistor created by spiral inductor Ig

rls: the resistor created by spiral inductor Is

rld: the resistor created by spiral inductor 1d

S:2><7r><f><ﬁ

f: frequency

— RO ———
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