
  
Abstract−− A schematic design of a 2.2−V 1.8G on−chip
CMOS receiver front end using TSMC 0.25um technology
was presented. The receiver front end includes a 1.8G low−
noise amplifier (LNA), an on−chip image−reject filter
implemented by a notch filter , and a single−balanced mixer .
The receiver  has a total power  gain of 15.1 dB when loading a
50Ω resistive load with a noise figure of 1.4dB , I IP3 of
−12dBm and a total power consumption of 59mW. The total
on−chip inductance is 73.5nh and the total on−chip
capacitance is 97pF.

Index Terms  CMOS receiver , Low−noise amplifier  (LNA),
mixer ,  image−reject 

I. INTRODUCTION

The advent of the personal communications revolution has
triggered a keen interest in the development of low−cost
low−power radio−transceivers for portable wireless
applications using CMOS technology.[1] The receiver
front end described here uses TSMC 0.25 um CMOS
technology. It uses a super−heterodyne architecture for
downconverting 1.8G signals to 800M HZ.

                      Figure 1. Receiver Front End 

The architecture of the receiver front end is shown in
figure 1. The input RF signal (1.8G) enters the LNA
through a 50Ω resistor and a 80pF capacitor. The LNA
output goes to an images−rejection filter (IR filter). After
the IR filter, it enters the mixer and is down−converted to
an IF of 800M Hz. The mixer is driven by an off−chip
signal at 1G Hz with 1V peak−to−peak differential. The
mixer is loaded with a 50Ω resistor while the input of the
LNA is matched to 50Ω  as well. 

II. DESIGN OBJECTIVES

The overall specifications for the receiver front end were
as following. The  total  noise   figure   should be less than 
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3dB, the IIP3 should be greater than −15 dBm. The supply
voltage is 2.2V, and the total power dissipation should be
less than 60mW. The total on−chip inductance is less than
150nH and the total on−chip capacitance is less than
300pF while only one external inductor is allowed to use.

III. LNA DESIGN

The low noise amplifier is a critical building block in any
radio transceiver. Typically, inexpensive preselect filters
preceding the LNA are single−ended and require a 50 ohm
matched load. However, the 50Ω load is not necessary in
this design since the LNA and the cascading filter and
mixer are built on−chip, thus avoiding matching with the
transmission line. A single−ended LNA, when compared
to a differential LNA, dissipates approximately ¼ of the
power for the same input referred noise and linearity,
though it is more susceptible to substrate noise pickup. A
single−stage LNA has higher input referred third−order
intercept point (IIP3) in comparison to a multiple−stage
LNA, though it tends to have a slightly lower power−gain
and reverse isolation.[1] Considering the required
specification a single−end one stage cascode topology is
chosen for the LNA design. Figure 2 shows a schematic of
the  NMOS LNA.

Figure 2. The LNA circuit topology
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The input is matched to Rs=50 Ω by employing inductive
source and emitter degeneration using inductor
degeneration, which offers the possibility of achieving the
best performance of any architecture. Neglecting the gate
drain capacitance Cgd, a simple analysis of the input
impedance shows that

Zin = jω0(Ls+Lg)+1/jω0Cgs+(gm1/Cgs)Ls

      = ωTLs (at resonance) (1)

where Cgs is the gate source capacitance and gm1 is the
transconductance of device M1.

To evaluate the output noise when amplifier is driven by a
50Ω source, we first evaluate the transconductance of the
input stage. With the output current proportional to the
voltage, and noting that the input circuit takes the form of 
the series−resonant network[2]

Gm = gmQin  = gm/(ω0Cgs(Rs+ωTLs)
     = ωT/(ω0Rs(1+ωTLs/Rs))
     = ωT/(2ω0Rs) (2)

Where the Qin the effective Q of the amplifier input circuit.
The output noise power density due to the 50 ohm source
is

Sa,src(ω0) = Ssrc(ω0)Gm 2 

=  4KTωT
2 /(ω0

2 Rs
 (1+ωTLs/Rs)2 )

=  KTωT
2 /(ω0

2 Rs ) (3)

In the similar fashion, the output noise power density due
to Rl (the parasitic resistance of Ls) and Rg (the parasitic
resistance of Lg) can be expressed as

Sa,Rl,Rg(ω0) = KTωT
2 (Rl + Rg )/(ω0

2 Rs 
2 ) (4)

The dominant noise contributor internal to the LNA is the 
channel current noise of the first Mos device M1. 

Sa, id(ω0) = 4KTγ gm1 (5)

Ignoring the noise distribution from other device, the noise
factor of the LNA is 

F = 1 + Rl / Rs + Rg/Rs + 4γ gm1 Rs ω0
2/ωΤ (6)

which implies that we should have smaller gm to achieve
better noise figure in this particular topology when ωΤ of
the M1 remain the constant.

LNA is the first stage of the receiver. To optimize the
noise performance of the whole cascade system, we should
make the gain of the first stage as high as possible.
Applying Equation (2) we get 

Av = Gm | ZL’ | = ωT | ZL’ | / (2ω0Rs) (7)

where ZL’ is Zo//ZL. Surprisingly the gain of the circuit at
resonant is independent of gm. Thus to improve the gain we
need to provide high impedance at the output node.
Unfortunately the parallel capacitance load(from parasitic,
and input of cascading stage) dominates at high frequency.
At interested frequency | ZL’ | reaches the maximum when
the capacitance term is neutralized by a parallel
inductance branch

| ZL’ |max= Qeff /(ω0C ) (8)

Qeff is limited by the available Q of on chip inductance.
Thus we get

Av  = ( ωTQeff ) / ( 2ω0
2 Rs C ) 

     = ( ωTQeff L) / ( 2 Rs ) (9)

which indicates that the gain is sensitive to the equivalent 
capacitance at the output node of the LNA.

The cascode configuration also helps on the gain by
cutting the feedback of output through Cgs, and providing
higher output impedance (disregarding the capacitance at
that port). Furthermore, it functions to stabilize the circuit,
and improve the reverse isolation. Input impedance
matching follows equation more with the cascoding device
M2.

From both the view of Gain and Noise Figure apparently
we do not have any point to select huge size of the
MOSFET. However, reasonably large size is necessary for
the following reasons:
1. Cgs is proportional to the size of the MOSFET. The

effective Q of input impedance matching network
could be extremely high due to the small Cgs, thus
making the impedance matching impractical.

2. Large bias current is applied to achieve high Gain. To
maintain enough room for the MOSFET to work in
saturation range, larger size is preferable.

In this design we selected W/L of M1 as 50x2.4um /
240nm. The corresponding parameters of the impedance
matching network are

Lg=19.6n Ls=500p
Ls is 4 parallel on chip inductance of 2nH with Q of 4,
while Lg is the external inductor with a high Q of 50. The
external inductor is critical to employ here because of
noise figure and accuracy of impedance matching. The
matching result is shown in Figure 3.

The current is biased at a large 15mA, burning more than a
half of the total power..

To allow enough room for M2 to work in saturation
region the cascoding M2 is biased at Vdd = 2.2 V, and the
size is the same as M1.

The 5 nH of the output tank inductance is constricted by
it’s own parasitic capacitance, the parasitic drain
capacitance of M2 and the capacitance load from the filer
and mixer. 



Figure 3 input impedance matching 

The actual Gain of the LNA is 20 dB( as plot in Figure 4),
while the calculated Gain is 26dB.

The 6 dB loss is mainly due to the parasitic of Ls and
MOSFET which is not take into account in the previous
model.

Figure 4 The frequency Response combing LNA and
Notch Filter

IV. IMAGE−REJECT FILTER

Figure 5 shows the schematic of the image reject filter. L1
and C1 was designed to be resonant at 1.8G while L2 and
C2 was designed to be resonant at the image frequency
200M Hz so that the frequency response of the filter has a
notch at 200M Hz. In practical, the parasitic capacitance
and resistance will affect the frequency response of the
filter. Also the effect of the image−reject filter as the load
of the LNA and the input impedance of the next stage
mixer should also be considered so that when the LNA
driving the image−reject filter and the mixer, it will have
a highest gain at the desired frequency 1.8G Hz while

having a notch around the image frequency 200M Hz. The
frequency analysis of the output of the image reject filter
was shown in figure 4. The notching ratio is −68dB and
passband loss is 0.35dB.

Figure 5 Image Reject Filter

V. MIXER

Figure 6 shows the schematic of the single balanced mixer
we used for down−converting the 1.8G input signal to an
IF signal of 800M Hz[3].

Figure 6 Mixer schematic

This single balanced configuration usually has a higher
conversion gain compared with double balanced mixer in
the same power consumption and device area, but has
larger Lo−IF feed through. What makes this mixer design
difficult is that the load is only 50Ω. This made it very
hard to get a high conversion gain for the mixer, thus it is
reasonable to apply single balanced mixer for the sake of
better conversion gain. The gain is expressed as

Av = gmRL / π (10)
  
To get a reasonable conversion gain, we need large M1 to
provide large gm. However, the Cg of M1 which is
proportional to gm contributes to the capacitance load of
the LNA to decrease LNA gain. Applying Equation (9)
and (10),   the total gain of the LAN and mixer is 



A = K( Cx + Cgs)/Cgs (11)

Thus A reaches peak when Cgs = 0.618 Cx, where Cx is
the capacitance contribution to LNA output node other
than Cgs. In the circuit Cx is approximately 1p F, Thus
we choose W/L of 100x2.4um/240nm for M1 of the mixer,
providing a Cgs of 651p F.  

The cascode M2 is used to improve LO−RF isolation. For
supply low voltage of 2.2 V it is biased by low bias
application of M5, M6 and R5 .

The simulation result shows when applying square wave
for LO, the gain is − 4.3dB, exactly matching Equation
(10). When applying sinusoidal signal for LO, the mixer
has a slightly lower gain of  −5.6dB.

VI.SIMULATION  RESULT

The Noise Figure at interested signal frequency can be
directly calculated from the result of SSP analysis (Figure
7 ) with SpectreRF.

NF = 20 log (Von, Rs/ Von, total) = 20 log (4.90/4.19)
      = 1.4 dB      

Figure 7  Receiver Noise Analysis

Table 1 records the corresponding fundamental output and
IM3 to different input. Fitting these value in Matlab, we
found the fundamental term increase in 10dB/decade,
which IM3 in 30 dB/decade. At expanded cross point of
the two curves we can find IIP3 = −12 dBm.(refer to
Figure 8)
 

Vin (mV) Vout (dBm) IM3(dBm)

0.5 −39.5 −125.2

1 −33.6 −108

2 −27.7 −88.7

4 −21.7 −71

8 −15.9 −50.7

Table 1 IIP3 simulation

Figure 8 IIP3 

Table 2 lists the result of the simulation. All the Data with
* is the simulaton result in Hspice, while those with ** is
from SpectreRF.

fRF=1.8G Hz
fLO = 1G Hz

fIF = 0.8G Hz
Vdd = 2.2V

LNA Mixer LNA+IRF
+ Mixer

Gain (dB) 20.1* −5.6* 13.8*

NF 0.8* NA 1.4**

IIP3(dBM) NA NA −12**

I(mA) 15* 12* 27*

Total L / C NA NA 73.5nH / 97pF

Table 2. Simulation Result for Receiver Front End

VII.CONCLUSION

A low−noise on−chip CMOS receiver front end has been
described. It’s performance, such as total gain, noise
figure, distortion and power are concerned and the
simulation result is quite good. It indicates that CMOS
technology can be used to build a receiver front end while
meeting output drive, noise, and linearity requirement. If
sufficiently high first IF is used, the image problem
becomes so easy hat it should be possible to achieve image
rejection by using only an on−chip filter.
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