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Abstract: A 1.575 GHz CMOS ( complementary metal-oxide-
semiconductor transistor) low noise amplifier( LNA) suitable for a
low intermediate frequency ( IF) global positioning system( GPS)
receiver is presented. Considering parasitic effects resulting from
bond pad and input electrostatic discharge ( ESD) protection
diodes, the optimization of the input matching and noise
performance is analyzed, and a narrowband inductor model is
applied to the circuit design and optimization. Based on the
Volterra series, the nonlinearity of the LNA is analyzed and an
equation describing input-referred third-order intercept points
(I, ) which indicate the nonlinearity effects is derived;
accordingly, the trade-off between the power consumption and
linearity is made. The LNA is designed and simulated with TSMC
( Taiwan Semiconductor Manufacturing Company ) 0.18 pm
radio frequency (RF) technology. Simulation results show that the
LNA has a noise figure of only 1.1 dB, —8.3 dBm [/, with 3
mA current consumption from a 1.8 V voltage supply, and the
input impedances match well.
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ue to the continuous growth in the market for global
Dpositioning system ( GPS) receivers, the design and
analysis of GPS radio-frequency ( RF) integrated circuits are
receiving much attention from research communities. Tradi-
tionally, GPS RF integrated circuits are mostly implemented
in bipolar or GaAs technologies and cannot be integrated
with digital CMOS baseband modules in a single chip.
Thus, there are strong requirements for low cost, low power
consumption and highly integrated solutions. Owing to im-
proved performance in CMOS technology, CMOS imple-
mentation for GPS RF front-end is becoming more and more
popular and competitive.

As a key component in the RF front-end, the CMOS low
noise amplifier (LNA) plays a critical role in determining
the performance of GPS receivers. The GPS RF signals
coming from the antenna are amplified by an LNA which
precedes a filter or a mixer. For civil GPS, the received GPS
signal( C/A code) power at the antenna is about - 130
dBm'"" which spreads over a 2 MHz bandwidth centered at
1.575 GHz. While in the 2 MHz main lobe of the C/A
code, the thermal noise power is about — 111 dBm, so the
LNA must provide reasonable power gain to amplify the
weak GPS signal and simultaneously have a very low noise
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figure (NF) to meet the demands of the receiver sensitivity.

Many discussions on input matching and noise perform-
ance of the CMOS LNA are presented”™ . Ref. [2] dis-
cussed four different input matching methodologies and the
impact on the noise figure of the CMOS LNA. Ref. [3]
presented a noise optimization with considerations for the in-
duced gate noise and the loss of the gate inductor. However,
the literature mentioned above did not consider the parasitic
effects of the input bond pad. In practice, the parasitic effects
of the bond pad and input electrostatic discharge( ESD) pro-
tection devices often limit the performance of the LNA, so
they must be taken into account in the design procedure. On
the other hand, the linearity of the LNA is important for
GPS receivers, while the nonlinearity of the CMOS LNA
produces the intermodulation distortion which can corrupt
the desired signal down-converted by a mixer. Thus, the
nonlinearity analysis of the CMOS LNA is necessary in the
design. Based on the Volterra series, an equation describing
[P, which indicates the nonlinearity effects is derived in this
paper. Based on the derived equation, relationships between
the nonlinearity effects and the parameters of the circuit are
revealed explicitly.

1 CMOS LNA Input Matching and Noise Analysis

The commonly used cascode architecture with inductive
degeneration is chosen in this paper, which provides good
reverse isolation between the input and output stages and su-
perior noise performance. The cascode architecture including
the parasitic effects of the bond pad and ESD protection de-
vices is shown in Fig. 1.

Fig.1 The cascode structure with };ad

The input stage small-signal circuit of the LNA is shown
in Fig. 2. The capacitance C, represents the contribution of
the parasitic capacitance due to the RF pad and the parasitic
capacitances due to ESD diodes. Using the circuit shown in
Fig. 2, the input impedance is approximated as

C 2
Zin zSLg + 1 ( = ) &

+ —L, 1
s(C, +C,) C,+C,] Cy” (D

gs



High performance differential CMOS LNA design for low-IF GPS receiver 27

8V

= e

Fig.2 Small-signal circuit for Z;, calculation

where g, and C, are the transconductances of transistor M,
and the gate-source capacitance, respectively. For conjugate
matching in the LNA input we can obtain
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The corresponding resonance angular frequency w, is de-
termined by

a)U :% (4)
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The noise figure of the cascaded LNA can be computed
by analyzing the small-signal circuit shown in Fig. 3.
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Fig.3 Small-signal circuit for the cascaded LNA noise calculations

In Fig. 3, iz and i, represent the mean-squared gate-in-
duced noise current and the channel thermal noise current,
respectively. They are given by

o wz Cz
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where k is the Boltzmann constant, T is the absolute temper-
ature, and Af is the bandwidth. The gate-induced noise is
partially correlated with the channel noise, and the correla-
tion coefficient is given by
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Without considering the parasitic effects, the noise figure
of the cascaded LNA is given by'”
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The parameter g, is the zero-bias drain conductance, y is
a bias-dependent thermal noise factor, and C, is the total ca-

pacitance at the drain of M,. From Eq. (8), the noise contri-
bution of M, can be obtained as
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where F,is the noise contribution of M,. In practice, (w,”
w;) <1, the noise contribution of M, can be ignored here.
Just considering the parasitic effect and the input stage, the
noise figure of the LNA is recalculated as follows' '
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where k=C,/(C, +C,); Q is the quality factor of the input
matching network. Compared to the conventional analysis
without the parasitic effects, from Egs. (2)and (4), it can be
seen that the input impedance of the LNA is decreased by a
factor of 2(C,,/(C, + C,)) due to the parasitic capacitance
C,. Also, the gate inductance is required to be smaller in or-
der to resonate at the working frequency. Due to the parasitic
effects, the noise performance of the LNA degenerates. So
the dimensions of the input and output ESD protection cir-
cuits must be very small to significantly reduce the parasitic
capacitances. The number of gate fingers is selected to mini-
mize the noise contribution of the gate resistances. Fig. 4
shows the LNA NF as a function of the gate fingers. The NF
reaches the minimum while the gate fingers number equals
48 and gate width per finger equals 2. 5 wm. The size of M,
is selected as equal as the size of M,; this can reduce the
junction capacitance and improve the noise figure.
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Fig.4 NF as a function of the number of gate fingers

Besides active devices, the passive inductors will also de-
grade the noise performance of the LNA to some extent. By
improving the quality factor of the inductor, the noise per-
formance can be improved. Due to the parasitic effects, the
RF spiral inductor model has to be included in the simula-
tion procedure. The RF spiral inductor model is illustrated in
Fig. 5.

The inductance and resistance of the spiral inductor are re-
presented by the series inductance L, and the series resist-
ance R, respectively. C, is the parasitic capacitance between
the inter-wires. The other elements represent the losses due
to the substrate effects. The spiral inductor is designed to
have a small chip area and a large quality factor. The quality
factor is calculated as
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Fig.5 Lumped physical moderl for on-chip spiral inductor
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Compared to square spiral inductors, octagonal inductors
give a better quality factor and they are adopted in our de-
sign. In order to yield an optimum inductor, the inductor lay-
out parameters such as the number of turns, metal width, in-
ner diameter and spacing need to be adjusted. To reduce the
series resistance of the spiral inductor, the highest metal lay-
er should be used. The metal width is around 6 pm at 1. 575
GHz, and the spacing between metal segments is selected as
2 pm as minimum spacing results in maximized magnetic
coupling.

2 CMOS LNA Nonlinearity Analysis

In RF receivers, the third-order interception point and the
second-order interception point are the two most important
performance metrics for indicating the nonlinearity effects.
The second-order nonlinearity of the LNA will generate an
unwanted DC signal or a low frequency signal. For a zero IF
receiver, the desired signal is directly down-converted to
baseband. So the separation of the desired signal from the
unwanted DC signal or a low frequency signal due to the
second-order nonlinearity becomes troublesome. Since the
structure of the GPS receiver used in our design is a low IF,
our analysis mainly focuses on the third-order nonlinearity
of the LNA. Based on the theory of Volterra’s series'” ", we
analyze the nonlinearity of the input stage of the LNA, and
I, is derived as follows.

In the first step, we calculate the first-order kernels. The
circuit used for the first-order kernel analysis is shown in
Fig. 6.
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Fig. 6 Small-signal equivalent circuit for the first-order
kernel calculation

Nodal analysis in Fig. 6 yields the results which can be re-
presented by
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where H, ., (s) and H,,(s)(m=1,2,...)are the m-th-order

kernels of the gate-source voltage and the output voltage in
the frequency domain, respectively.

Ly Vi
g1V -
C"FIT D Pl
R,
Z
L

Fig.7 Smal_l-signal circuit for the third-order kernel calculation

In order to obtain the third-order kernel, the circuit in
Fig. 6 with the third nonlinear current source i,,,, is placed
in parallel with the nonlinear elements, and the linear input
is shortened. Simultaneously, the frequency variable s is re-
placed by s, + s, + s,. The circuit used for the third-order
kernel analysis is shown in Fig. 7. The nodal analysis in
Fig.7 yields the following matrix equation:
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The value of the third-order nonlinear current source i
is given by""
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where K, (m =1,2,3, ...)is the m-th-order coefficient in
the Taylor expression of the drain current of the MOS tran-
sistor.

In the saturation region, the drain current of the MOS
transistor is

W Ve

1
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where C__1is the gate oxide capacitance per unit area; W and L

are the width and the length of the channel, respectively; V., is

the over-drive voltage of the transistor and equal to V3 —V,,.
I, is defined as'"
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Using Eqgs. (12) to (16), we can obtain
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where 6 =1/(E_L)is the mobility modulation factor. 2.571
From Eq. (17), it can be seen that using multiple-finger 0
transistors can improve [,,. This is because the decrease in :gg
gate resistance denotes the increase in L, for input matching; B 7:5
accordingly, /,, is increased. I, can also be improved by in- % ~10.5
creasing V _,, but simultaneously, the power consumption is A-12.5
also increased, so the performance trade-off between them is -15.0
needed in the design procedure. ‘213(5) l
3 Simulation Results 0 0.5 F;gu ency /ldIS{Z 20025
The CMOS LNA designed in this paper is a differential Fig.9 Simulated S,
one with the cascode configuration analyzed above. This is
because the fully differential design is the best way to reject o1 My(1.575 GHz, 14.83 dB)
power supply noise and the unwanted signals coupling from 15-
the substrate. The schematic of the LNA is shown in Fig. 8. 10k
w ol
-5l
Vool s 10 15 20 s
I Frequency/GHz
Ina_jn Ly IPadd Fig. 10 Simulated S,
Ina_ip L, T %
TG i
v TF LS% ?Ls 17.5
15.0
Fig.8 Simplified circuit of the LNA 12.5
£210.0
In order to minimize the junction capacitance, the cascode % 7.5 My (1.575 GHz, 1.1 dB)
transistors can be laid out as a dual-gate transistor for the 50l
same W and L. Besides, the layout should be made symmet- 55l
rical as far as possible in order to alleviate the mismatch and '0 . .

even- order nonlinearity. The octagonal signal pads are 0.5 0.9 113 1[7 2.1 2.5
adopted and they should be implemented using the top metal Frequency/GHz

layer. Thus, the impact of the parasitic capacitance can be re- Fig. 11  Simulated noise figure

duced to a great extent.

The LNA circuit is simulated using Cadence SpectreRF or Imn = —8.296 96
simulator in TSMC 0. 18 pm 1P6M CMOS technology. The c 2
simulated S-parameters of the LNA are shown in Fig. 9 and 5\8 0
Fig. 10. The input return loss(S,,) of the LNA is equal to g -2
—16.31 dB at 1. 575 GHz. This shows that the LNA exhib- §* -50
its good input matching at the operating frequency. The E _75
LNA achieves a peak gain (S,,)of 14. 8 dB. After noise op- S ~100
timization, a low noise figure (NF) of 1.1 dB at 1.575 125 ! . . . |

1
GHz is achieved and shown in Fig. 11. The IIP, simulation =50 -40 _h?iot _ZO/dB_ 10 0 10
! ut power/dBm
result of the LNA is shown in Fig. 12. A two-tone signal has . b po
. . . Fig.12 Simulated [,
been applied to the input of the LNA at the frequencies of
1.575 GHz and 1. 580 GHz. The input-referred third-order

intercept point(1IP3)is — 8.3 dBm—A—compasison—of the-de Tab.1 Performance comparison of recently published LNA for GPS

signed LNA and some recent reporte LNA used F'GPS re-  SUPPY Current S,/dB  S,/dB  $,,/dB  NF/dB I
. . . frequency/GHz voltage/V consumption/mA ’
ceivers are listed in Tab. 1.
This paper 1.575 1.8 3 -16.3 -36.8 14. 83 1.1 -
2.8 5 26 3.6 -3 0.35 pm CMOS
1.5 4 -23 32 1.5 -6.8 0. 18 pm CMOS
1.8 3.49 -15.7 14.8 2.6 0. 18 pm BiCMOS

sulting from bond pad and ESD protection diodes for LNA

4 Conclusion . . . .
C design are given. Based on the Volterra series, the nonlin-

The analysis and design of the CMOS LNA for the low-
IF GPS receiver are presented based on TSMC 0. 18 pum
CMOS RF technology. Discussions of parasitic effects re-

earity analysis of the LNA is carried out and equation IIP3
is derived. SpectreRF simulation shows that the LNA
achieves the following specifications: 1. 1 dB noise figure,
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14. 8 dB gain, - 8.3 dBm IIP3 with 3 mA current consump-
tion from a 1. 8 V voltage supply.
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