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Abstract—In this paper we propose a gain-variable low noise
amplifier (LNA) for low-voltage and low power WCDMA
application. The LNA is designed based on a current-reused
topology and a variable gain circuit. The test chip is simulated and
fabricated with the TSMC 0.18 pm CMOS process. Experimental
results show that the LNA exhibits 20 dB of gain, 3.5 dB of noise
figure and -12dB of input return loss (S11), and -7dB of output
return loss (S22) while consuming a DC power of 3.2 mW from a
1V supply voltage. Due to the operation for low-voltage and
low-power environment, the attained IIP3 is -12.5dBm and P1dB
is -19dBm. The variable gain range is from 19.75 to 11.25 dB.

Index Terms—WCDMA, low noise amplifier (LNA), RF,
variable gain.

I. INTRODUCTION

The advances in the modern CMOS technologies raise the
operating frequency in RF CMOS designs and make the fully
integration of communication system realizable. In the receiver
chain of a communication system, a low noise amplifier (LNA)
is the first stage dominating the noise and sensitivity
performance of the communication system. The LNA is the
block entrusted to amplify the weak signal received by the
antenna in a reception system. Typically, high-gain and
low-noise implementation of LNA involves high power
dissipation, which is not a desirable option with portable
wireless system. In this paper, we propose a gain-variable LNA
for low-voltage and low power operation on a current-reused
topology. The following section introduces the chosen low
voltage topology, and we try to find out the best value of noise
figure (NF) and aspect ratios of MOSFET transistors for the
LNA.
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II. NOISE ANALYSIS OF MOS TRANSISTOR

In the case of LNA, however, not only sufficient gain is
needed to overcome the noise for the next mixer, but also a
good noise performance is required as well. The noise model of
MOSFET is shown in Fig. 1. It concludes several main noise

. .2 . .
sources: channel thermal noise (Z; ), gate induced noise

(l§ = l;C + i;u ), the noise due to the gate resistor (irzg ).
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Fig. 1. Equivalent circuit of MOS noise calculation for input
stage.

A. Channel Thermal Noise (l'j)

g=4kTyg »Af , where gy, is the zero-bias drain

conductance of the device, Af is noise bandwidth, k is the
Boltzman constant, 7 is the absolute temperature and v is a
bias-dependent factor that, for long-channel devices, satisfies

the inequality 2 <y<l1.For short-channel devices, y may be
3

as high as two to three, depending on bias conditions [1]. For
instance, y is 2.5 in typical 0.18 pm TSMC 1p6m CMOS
technology.
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B. Gate Induced Noise (ii2 = gT +i’ )

The gate induced noide can b be expressed as
—4kT8gg Af —1 +1

gu

(1
= 4kT3 g, (1-|c|") Af + 4kT3 gg|c|2 Af

Where, 6 is the coefficient of gate induced noise and shunt
22

& [1]. The denoted ¢ and u represent
Sgdo

correlated and uncorrelated gate induced noise with channel

thermal noise respectively. The value of ¢ is about 0.395] for

long channel device, but ¢=0.47J in typical TSMC 0.18 um

Ip6m CMOS technology.

conductance g, =
g

C. Gate Resistor Noise (l'rzg)

The noise of gate resistor can be eliminated by using
multi-finger device to form a smaller resistance that can be
ignored.

D. Noise Analysis
The noise factor for an amplifier is defined as
B Total output noise ?)

Total output noise due to the source

To estimate the output noise, the first work is the evaluation
of the transconductance of the input stage.
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Using (3), the output noise power density due to the source is
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Similarly, the output noise power density due to R; and R,
can be expressed as
4kT(R+R, ) o;
Sor oz (0,)= & éi i )
Ry,R, ©
co(fRf(1+7ITe s )?

s

The output noise power density due to channel current noise
of MOSFET is

14
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The induced drain noise is the combinations of a correlated
and an uncorrelated gate induced noise. The combined power
density of drain noise with correlated gate induced noise is

aldl ( 0) Ksal( 0)_% (7)
1+ T™s )2
( R )
where
2 2
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Sy Sy
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Rs w()Rngs
Cy = %WLCOX (10)
The uncorrelated gate induced noise power density is
4KT yég
Suigin (@) =88, (0y)=——==%— (1)
a)TLs 2
(1+——)
where
50!2 2 2 (12)
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Hence the noise power density of M1 is
4kTyyg
Somi( @)= Zsa,id (0,)= ——= (13)
a)TLs 2
(1+——)
where
0!
r=Kk+E=1+2cQ, / +—(1+QL) (14)
Sy
Putting (4), (5), (13) into (2), the noise factor of M, is
F — Sa,xource (a)O) + Sa,Rl,Rg (a)O) + Sa,Ml (0)0)
Sa,source (a)O) (15)
R R 1)
—l+L+—E4 R (—)’
R Rs 728 1o, ( T)
1 o
=2om (16)
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Substitute (14) into (15), we can express (15) as
Folt—tlp—t4 2 2 %, 17
s N a QL a)T

The coefficient p according to (14) includes terms which

are constant and terms which are proportional to QL2 From
(17), we see the noise figure will contain terms which
proportional to O, and terms which are inversely proportional
to Q;. Therefore, a minimum F exists for a particular Q; [2].
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III. NOISE FIGURE OPTIMIZATION TECHNIQUE

Choosing MOS size is very important to the LNA design.
One primary interest is picking the appropriate device width
and bias point to optimize noise performance for given specific
objectives on gain and power dissipation. Assume that /, has
the form [3]

VZ
Id = Wcorl/sat — (18)
' Vod + Lgsat
with
Vod = Vgs - Vt (19)

where C,, is the gate oxide capacitance per unit area, v, is
the saturation velocity, and &, is the velocity saturation field
strength. We can differentiate this expression to determine the
transcondutance, yielding

al, w 2 (20)
= =uC, —V
gm avgs ﬂn ox L od[(l+p)2]
P
_ V. g 1+ 5 @1

where L, is the field-limited electron mobility.
Using (18), we can formulate the power consumption of the

amplifier as follows:
'
P,=V,, =V ,WC v  ——2 —
D dd*d dd ox ' sat Vod + Lgsat

Using (22), (9) and (10), we can relate Q; to P, with

(22)

P 2
Q =2LFr_ (23)
P, 1+p
3 ViVl
L == dd ¥ sat“sat (24)
2 wo,R,

With (20) and (21), we can re-express @y as
8w 8w _3au,Vy 3dapv

2
C, %WLCOX 2 L L

sat

20

(25)
We can draw on (20), (23) and (25) and substitute into (17).
The noise figure can be shown as

yo,L 26
F=1+222p(p,p (26)
3, (P

sat
The P(p,P, ) can be simplified by assuming p <<1,

then
P—D(1+5i)+2\c\ Si,oz+ll:—°5£p4
/4 /4
P(p,PD)z 0 p3 D

Finally, the optimum width of MOSFET can be obtain by

2 -1
WM\,PD :|:§a)0LC0stQL:| (28)
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IV. CIRCUIT TOPOLOGY AND DESIGN CONCEPTS

LNA is typically the first stage of the receiver, whose main

function is to provide enough gain to overcome the noise of
subsequent stages. Thus the noise figure of the LNA is the
dominant parameter. At the beginning, the received signal is
very small. The LNA offers the highest gain and lowest noise
figure in its high gain mode for the weak signal. But under
strong received signal conditions the LNA and the whole
receiver gets saturated and hence the linearity (IIP3)
specification also needs to be meet. To satisfy the linearity
requirement the proposed LNA operates in the low gain mode
under strong signal conditions. Therefore, we add a variable
resistance attenuator to complete the gain-variable mechanism.
The current-reused topology, minimizing noise figure, and
resistance-variable attenuator will be discussed in the
following.

A. Current-reused topology

The schematic of the LNA with all on-chip components is
shown in Fig. 2. With M, and M, sharing the same bias current,
the total power consumption of the current-reused amplifier is
minimized. To achieve higher gain than a conventional cascade
LNA, both M, and M, are in common-source configurations.
The design considerations of the current-reused LNA are
similar to those of a cascaded amplifier [4] [5]. In Fig. 2 the
input matching network is composed of C;, L; and R; to match
the input impedance being 50 Q. In addition, L, and C; are also
used as the inter-stage between M; and M,. The output
matching network is composed of L3, C¢ and Cs to easily match
the output impedance being 50 Q.
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Fig. 2. Designed circuit of the low noise amplifier.

B. MOSFET Device Selection

In order to determine the width of M, and find out the best
NF, we uses the dependency among F (noise factor), Pp (power
dissipation), and Q. as shown in equations (22) to (28) to find
the optimum value. Based on these parameters, the related
curves, NF (dB) versus W, (mm), are plotted in Fig. 3 by
MATLAB simulation software. In this figure, we see that the
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NF will decrease in the beginning and increase finally as the
width of MOSFET increases and the Pp is fixed. According to
the simulation results, we choose the W, which is located on
the nearby minimum NF but a little left shift. We select the Pp
as SmW and the NF as 1.6dB.
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Fig. 3. The related charts of NF, Pp, and W.

C. Resistance-variable attenuator

The resistance-variable attenuator in Fig. 2 is to include M3,
C, and R;. We make the MOSFET as a variable resistance by
controlling the gate voltage. However, large signal will cause a
serious inter-modulation problem. A gain-controllable system
is added to suppress this phenomenon. The design concept of
the resistance-variable attenuator is to use the applied voltage
to control the conduction channel of the MOSFET [6]. When
the conduction channel is changed, the magnitude of the
resistance is also changed. Based on the variable resistance, we
can present a gain-controllable function. Besides, the capacitor
C, is used to isolate the unwanted dc current from the second
stage and to maintain the gain-variable function.

V. RESULTS
The microphotograph of the WCDMA LNA, fabricated in a

TSMC 0.18 pm standard CMOS technology, as shown in Fig. 4.

The measured vs. simulated S-parameters of the LNA is shown
in Fig. 5 to Fig. 7. The center frequencies of S11 and S22 are
slightly shifted to lower frequency. However, it can still
achieve -12dB S11 and -7dB S22 at 2.14GHz. The forward
gain of LNA is 20dB at 2.14GHz. The measured results are
close to the simulated result. The measured noise figure of the
LNA is shown in Fig. 8. The LNA achieves a noise figure of
3.5dB.

The measured gain is shown in Fig. 9. An input referred 1dB
compression point is -19 dBm. A two tone test IIP3
measurement was performed on the LNA and the results are

shown in Fig. 10. The two tones were applied with equal power
levels at 2.14 GHz and 2.145 GHz. The measurement indicates
a -12.5dBm input-referred third order intercept point. The
variable gain is ranged from 19.75 to 11.25 dB as shown in Fig.
11.

After re-simulation, we found the connecting metal line is
too long that will increase inductance value and shift the central
frequency of the LNA so that the measurement results do not
match with the expected data. The performance of this LNA is
summarized in Table I, together with other works for
comparison. At low-voltage supply, the power consumption is
smaller than the other references and the power gain are better
than that reported in [7] and [9]. This circuit achieves high-gain
and low-noise for low-voltage and low power operation.

Voo GND Voo

T
T
TIUFrTrrTr

Yhias

GND - Vo

Fig. 4. Microphotograph of the LNA.
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Fig. 5. Measured S11 of the LNA.
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Fig. 8. Measured noise figure of the LNA. Fig. 11. Measured variable gain range of the LNA.
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Table I Performance comparison of LNAs

This Work
Reference (measured) [7] [8] [9]
Frequency [GHz] 2.14 2.1 2.4 2.4
Technology [pm] 0.18 0.13 0.18 0.18
Power Gain [dB] 20 12 23 9.85
NF [dB] 3.5 2.3 3.8 3.23
Pigg[dBm] -19 -12 - -
IIP3 [dBm] -12.5 -5.4 9.1 -1
Power
consumption 3.2 9.75 13 9.85
[mW]

VI. CONCLUSIONS

The low-power gain variable LNA with current-reused
topology is designed and fabricated in a standard 0.18um
CMOS technology. The WCDMA LNA exhibits 20 dB gain,
3.5 dB noise figure while consuming a DC power of 3.2 mW
from a 1 V supply. It demonstrates the potential of CMOS RF
designs for low-power and low-voltage applications at
WCDMA system.

REFERENCES

[1] THOMAS H. Lee, The Design of CMOS Radio-Frequency Integrated
Circuits, CAMBRIDGE, 2004.

[2] D. K Shaeffer and T. H.Lee, “A 1.5-V, 1.5-GHz CMOS low noise
amplifier,”” IEEE Journal of Solid-state Circuits, vol. 32, May 1997.

[3] N. G. Einspruch, Ed., VLSI Electronics: Microstructure Science. New
York: Academic, 1989, vol. 18, ch. 1, pp. 1-37.

[4] C.Y.ChaandS. G. Lee, “A Low Power, High Gain LNA Topology,”
Proceedings of Intl. Microwave and Millimeter Wave Technology Conf.,
pp. 420423, 2000.

[5] C.Y.ChaandS.G.Lee, “A5.2-GHzLNA in 0.35-um CMOS Utilizing
Inter-Stage Series Resonance and Optimizing the Substrate Resistance,”
IEEE Journal of Solid-state Circuits, vol. 38, pp. 669 - 672, April 2003.

[6] T. K. Tsang and M. N El-Gamal, “Gain and frequency controllable
sub-1V 5.8 GHz CMOS LNA,” Proceedings of the 2002 International
Symposium on Circuits and System, vol. 4, May 2002, pp. 759-798.

[7]1 J. Rogin, 1. Kouchev, G. Brenna, D. Tschopp, and Qiuting Huang, “A
1.5-V 45-mW direct-conversion WCDMA receiver IC in 0.13-um
CMOS,” IEEE Journal of Solid-State Circuits, vol. 38, no. 12, pp.
2239-2248, Dec. 2003.

[8] Z. Luo, S. C. Rustagi, M. F. Li, and L. Yong, “A 1V, 2.4GHz fully
integrated LNA using 0.18um CMOS technology,” Proceedings of 5th
International Conference on ASIC, vol. 2, Issue 21-24, Oct. 2003 pp.
1062—-1065.

[91 Chih-Lung Hsiao, Ro-Min Weng, and Kun-Yi Lin, “A 1V fully
differential CMOS LNA for 2.4GHz application,” Proceedings of the
2003 International Symposium on Circuits and Systems, vol. 1, May.
2003, pp. [-245-1-248.

Zhi-Ming Lin (S’88-M’91) was born in Taiwan, R.O.C. He
received the B.S. degree from the National Taiwan Normal
University, Taipei, Taiwan, R.O.C., in 1980, the M.S. degree
from the National Ching Hua University, Hsin Chu, Taiwan,
R.0.C., in 1983, and the Ph.D. degree in electrical engineering
from the University of Maryland, College Park, in 1991.

In 1992, he joined the Department of Electrical Engineering,
Kaohsiung Institute of Technology, Kaohsiung, Taiwan, R.O.C.
In 1994, he joined the National Changhua University of
Education, Changhua, Taiwan, R.O.C., where he is currently a
Professor and Chief in the Graduate Institute of Integrated
Circuit Design. His research interests include very large scale
integration/computer aided design.

(Advance online publication: 15 August 2007)



