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Abstract—In this paper, low voltage design concepts and
new CMOS front-end circuits for 2.4GHz wireless
applications are presented. The performances of these
circuits are analysed and compared with other existing
structures using TSMC 0.18-um CMOS technology
scale. The design trade-offs between impedance
matching, power gain and noise figure of low-noise
amplifiers are highlighted. The advantage of the
introduced mixer topology is expressed in terms of
conversion gain, noise figure and linearity. At a supply
voltage of 1.8V, the design and performance analysis
have been performed using Agilent’s Advanced Design
System (ADS2009) software.

Keywords-CMOS,Front-end, LNA, Mixer, Radio
Frequency.

1. INTRODUCTION

Today an increasing market demand for RF
transceivers operating in the 2.4GHz consumer based wireless
applications such as mobile phones and wireless local area
networks. CMOS is one of the best integration technologies
suitable for designing RF circuits and systems under deep sub-
micron technology scale. The development of high
performance Radio Frequency (RF) transceivers or multi-
standard/reconfigurable receivers requires innovative RF circuit
design to make the best of a good technology. Another aspect
for realization of analog circuits in CMOS technology is the
possibility of reduction of supply voltage with each technology
generation. The selection of receiver architecture is based on
high performance and less number of off-chip components. The
following are the existing receiver topologies such as Zero-IF,
Heterodyne, Low-IF and wide-band IF in RF transceivers.
Recent research works proved that zero-IF always the popular
and widely used for RF applications, among these four
architectures. At the same time, heterodyne architecture can
provide sufficiently low noise figure but more external filter
circuitry required which also increases receiver size and power
dissipation. So that, Direct Conversion (DCR) or zero-IF or
Homodyne receiver is always the best because it uses less
number of off-chip components and less power consumption.
The down-conversion architecture produces an image at zero
frequency, thus no image filter is required. Many short range
2.4GHz receivers have been designed with a higher supply
voltage and with different technology scale [1]. Several low-

power single-ended LNA designs have been reported with
different frequency bands, such as 900MHz, 2GHz. These LNA

design needs additional balun circuitry to convert single-ended
output into differential output [2]-[6]. Also, the second stages
of receiver’s are the mixers which require only signal to be fed
from a differential source. Among the various CMOS mixer
research, passive and active mixers can have low conversion

gain and high noise figure (NF)[8]-[12]. Such a high NF will
limit the signal to noise ratio of the front-end. At the same
time, existing circuit topologies cannot satisfy the required
wireless specifications under low voltage operation. Hence it is
of interest to introduce new wireless Direct Conversion
receiver front-end components that can handle successfully low
supply voltages. The choice of receiver architecture, circuit
topology design and systematic optimization of the front-end
blocks is always necessary. Basically, front-ends are
responsible for tracking weak signals (RF) at high frequency
and translating into IF signals for transmitting with high
power levels. It is an interface between the antenna and digital
modem of the wireless receiver. Therefore, it needs high
performance analog circuits like RF amplifier (LNA), Mixer
and Oscillator. The simplified block diagram of a Direct
Conversion Receiver front-end is shown in Fig.1 It represents
the process of 2.4GHz incoming RF signal frequency (f gr) by
the LNA and down-converted into 150MHz intermediate
frequency (f r) by the mixer.

Antenna

180MHZ

2.4GHz Mixer
IFO/P
LNA /f(\ /
225GHzZ
Local
Oscillator

Fig.1. Block diagram of RF receiver front-end
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II.  LNA DESIGN

A low noise amplifier (LNA) being the first stage of the receiver
front end and it is used to increase the power signal coming
from the antenna while introducing little noise by the same
LNA. Its main function is to provide enough gain to overcome
the noise of next stages. The receiver’s sensitivity is mainly
depends upon the LNA noise figure and gain. Being the first
gain stage of the receiver, it should also satisfy the following
objectives such as accurate input/output matching, minimizing
the noise figure and providing a high gain with good linearity.
In general, the LNA structure composed of impedance
matching block for input, output section and amplification
block. In this work, LNA amplification block is modified for
better noise figure and gain. The amplification block is
constructed by dual transistors in CS stage, shown in fig.2. Also
an inter-stage inductor is added in between the stages for
improving the impedance matching.

La i

Fig.2.Single CS stage using two transistors

Using this principle, two new LNA structures are realized in
single-ended and differential topologies. Fig.3 represents the
schematic of proposed LNA architecture. It comprises an input
stage inductor L, , inter-stage inductor L5 ,dual CS transistors
MI1,M2 , single CG transistor M3 and output impedance
matching inductor L.

Vdd

Fig.3. Schematic of Single-ended Dual-CS (SDC) LNA

Rds .' s

Fig.4.Equivalent model of input stage

The simplified theoretical expressions for input impedance and
output impedance of the dual CS stage is developed from
equivalent circuit, shown in fig.4.The gate-source capacitances
and drain-source currents are paralleled in this model. Cg, Cepr
and G 1, Vs represents the gate-to-source capacitances and
drain-source currents. The input impedance seen at the gate of
M1 is calculated by using eqn.1.

= Lsgmlgm2 0
in
Cgsl+Cgsz

With the help of operating frequency ®, and the gate-to-
source capacitance, the optimized width of the transistors can
be calculated. The output impedance of the common source
stage with inter-stage matching inductor is calculated by using

eqn. (2)

=SL

! o ImOmlbs

is T )
S(Cdsl + Cdsz) (Cdsl + Cdsz)

out

Casi, Cusy are the drain-to-source capacitances of the transistors
MI,M2.

The optimized transistor widths and inductor values are
calculated by using the following design equations for
performance analysis. The design steps are elaborated through
these design factors.

e Gate inductance (L,)
e Gate source capacitance (C)

e  Width of the transistor (W)

The centre frequency cU=21Tf, 3)
=27F #2.4*E’ =15.07964474E’ rad/sec is calculated by using
eqn.(3)

The value of L, (gate inductance) is realized by means of
eqn.(4). The Q of an inductor value is selected as 8, based on
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0.18-um CMOS scale characteristics. The source impedance is
assumed to be 50ohms.

R
L “

0

L 14.0786399*E°H
T 1EOTEE44TER

The gate source capacitance (Cy) is expressed in terms of RF
frequency, shown in eqn.(5). L; is equal to 1nH.

1
Cgs = 2f2
4r-f, (Lg+LS)

)

HY
LT SPREERA RN LADTREITRE"T AL ")

=0.1005014634 & =+
Cye =0.1pF

From the technology scale characteristics, the values of
Lin=0.18E°m, T,,=4.1E’m are observed. Permittivity of
oxide is calculated by using this eqn.6,

Eox = &€ (6)

where £y is the dielectric constant for free space, which is

equal to 8.854E™ F/cm and dielectric constant of silicon is
equal to 3.9. Therefore, oxide capacitance is calculated by
using eqn.(7)

c =%

0X 7
o« T (M

ox

-4
=ZEEERE  _8.641446341E° Frum’

4.157F
The optimized width of the transistors are calculated by using
eqn.(8). The sizes of the transistors are assumed to be equal in
dual CS stage.

w o 3Ce
= ®)
2COX Lmin
Therefore, width W = dnk10050140845 12
ARGl SR LaE = R lpEmE

W = 96.999999E ~% m

The calculated values are substituted in their respective places
in the schematic and are simulated to evaluate the performance
of the designed circuit. With the transistor width at 97um, the
LNA achieved the optimum performance in terms of gain,
noise figure and impedance matching for this design. Dual-CS
Differential LNA is constructed by using two single-ended
LNA’s and its structure shown in Fig.5. The design
calculations are the same as that of Dual-CS single ended LNA.
In addition, the values of drain inductors are calculated by
assuming C,, as 1pF in eqn.(9).

)

dfiereatiai cutput 1

L difierontial oulpul 2

differnitial ingut 1.
mp

Fig.5. Schematic of Differential Dual-CS (DDC)LNA

The other existing LNA structures such as Cascode single-ended
LNA, differential LNA are also designed using 0.18-pm
technology scale. The schematics are shown in fig.6&fig.7

Veld

o/P

e L r——rrrn— Ls

Ly

Fig.6. Single-ended Cascode LNA
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Fig.7. Differential LNA

III.  MIXER DESIGN

A down-conversion mixer is always followed by the RF Low-
noise amplifier. It is one of the most important parts and used
to translate one frequency into another. It changes the RF
signal into IF output signal. IF signal frequency is the
difference between RF and Local oscillator signal frequencies.
Mixer plays an important role in improving the overall system
linearity. The proposed mixer designs based on double-
balanced, active mixer topology and mainly developed for low
voltage applications. There are two modifications done here,
one in transconductance stage, another in biasing. The RF
stages are completely revised in both designs. In order to
utilize the low supply voltage both RF and LO stages have
been biased separately and it is done with passive elements
such as resistors. The first design uses series form of
transistors and the second one uses inductors at RF input stage
for providing better impedance matching and reducing noise
figure.

Wld I‘J'h

R1 R4
RZ2
IF+ ! F Rd O IF
| il
Lo+ = 1k I"-J_& r'-JTL he
o
Lo
A2 '
—
RF_

Fig.8. Folded Gilbert mixer

Fig.8 represents the Folded Gilbert mixer whose RF  &LO
stages have been biased separately. The other two structures are
Inductive coupled and Transconductance mixers,which are
shown in Fig.9&10. The first topology consists of four nMOS
transistors (M5-MS8) in transconductance stage, and the second
design composed of only two transistors M5,M6 with inter-
stage matching inductor L.

Fig.10. RF stage of Inductive Coupled mixer

The use of folded technique is only to increase the bias current
through the transconductance stage without increasing the
current through the switching transistors. It needs smaller LO
drive voltage to drive the switching transistors and thereby
improves the switching efficiency. In order to reduce flicker
noise, transconductance stage is altered by adding inductors L,
and L at the gate and source terminals of the RF transistors.
Additionally, an inductor L with 20nH is added in between the
stages to achieve good performances of mixer in terms of
conversion gain and noise figure. The size of the transistors are
calculated by evaluating g, and C, design formulas. L, and L
inductors used not only for reducing the noise figure but also,
the input impedance matching at 50 ohm. Their values are
10nH and 0.5nH respectively. The width of the transistor is
evaluated by using this eqn. 9.
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gaL

9
2I<nIDS ®

where L is the channel length of the transistor and Igg is the

drain to source current. Here g,=0.02, L =0.18um and

Ips is assumed to be 3mA
E.
K

Ins 80 .
is the process dependent term

n

where D is the oxide thickness and &y, is the permittivity

of insulator. €, is the permittivity of free space and ji is the
mobility of charge carriers.
The typical values of these factors are substituted and
calculated the optimized width of the transistors.
bl
- e §0.4359 um
S ARBRH LI B LT

IV. RESULTS

Front-end design evaluations are performed at 2.4GHz RF
frequency and 2.25GHz LO frequency. The front-end circuits’
performance is analyzed by using Intel Core2DuoCPU
E7400@2.80GHz processor with Agilent’s Advanced Design
System (ADS) 2009 version software. The design simulation
process has been carried out in a standard TSMC 0.18-um
CMOS process technology. The simulation environment offers
great flexibility in investigating the performance characteristics
of front-end subsystems. The various parameters analysed here
are S parameters (S21,S11), noise figure and conversion gain
to describe LNA and mixer performance with a supply voltage
of 1.8V. Simulation parameters with their values are described
in the Table-1.

TABLE 1. Simulation Input Variables

Parameters Values
Source/Load impedance 50 /5000hms
RF frequency 2.4GHz
LO frequency 2.25GHz
RF power -30dBm
LO power 5dBm

The dual-CS Differential LNA graphs of S parameter analysis
with respect to RF frequency which lies between the range of
1.0 to 3.0 giga hertz are given below in Fig.11. The value of the
input impedance matching can be obtained as -8.37 dB. The
value of forward gain S, is reached as 28.75 dB, indicated by
markers m1&m?2.

m2
freq=2.400GHz
dB(S(1,1))=8.370

ml
freq=2.400GHz
dB(S(2,1))=28.754

30

8

: 5
e e T T s

dBS1,1)
AAS21)

Fig.11. S-parameters of Dual-CS Differential LNA

The noise figure of LNA should remain below 4 dB at 2.4GHz
in order to prevent inducing noise problems in other stages of
the receiver; like mixer, voltage gain amplifier etc. The noise
figure graph of the proposed LNA design satisfied this
constraint and it is given below in fig.12.

2.90- .
2.85
280 miL
% 3 freq=2.400GHz
B nf(2)=2.709
2,7577
] ml
2.70—: \\
4 T~
2.65 T T T i ]
21 22 23 24 25 26 2.7
freq, GHz
Fig.12. Noise Figure of Dual-CS Differential LNA
2.4GHZ LNA
s
a0 S sn
2
51
20
s
1=
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=
5 NF NF NF NE
20 33 36 27

5
: R
!

5% 8

Fig.13. Performance Comparison of LNA’s

The performances of other LNA’s have been observed and
compared,shown in Fig.13. The conversion gain of a mixer is
defined as the ratio of the desired IF output to the RF input. If
the ratio is less than one, it is referred as conversion loss. The
conversion gain of a mixer is important because it supports to
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determine the noise figure and linearity of the overall system. It
is plotted as the function of LO_power in dBm. Fig.14. shows
the conversion gain of the mixer. It has a value of 21.276 dB at
LO_power of 5 dBm. The noise figure of the mixer is observed
as 7.9dB and the graph is given in Fig.15.

] ml
1 P ;
20 — mi
i T LO_power=6.000
] ConvGain=21.276
S 15
g 10
=]
o T T T T T T
-20 -15 10 -5 o 5 10

Fig.14. Conversion of Gain Inductive Coupled Mixer

m2
SRS ENOp=7.907

101010 S

Fig.15. Noise Figure of Inductive Coupled Mixer
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3
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Fig.16. Performance Comparison of Mixers

The performance of Mixers have been analysed and highlighted
in Fig.16. The proposed mixers compared with folded Gilbert
mixer.

V.CONCLUSION

In this paper, front-end circuits suitable for 2.4GHz wireless
applications were presented. The demonstrated front-end
circuits include LNA and Down-Conversion Mixers. The
theoretical background is discussed and the formulae of

optimum LNA, Mixer design for the proposed configuration
has been given. Several topologies of LNA, Mixers were first
studied, analysed and also utilized for performance
comparison study. DDC LNA and inductive coupled mixer
shows good performance improvement in all performance
factors by 20% than other circuits.
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