Design of High Gain 2.4GHz CMOS LNA
Amplifier for Wireless Sensor Network
Applications

Zaid Albataineh, Jafar Moheidat, and Yazan Hamada
Department of Electronic Engineering, Yarmouk University,
Irbid, Jordan.

Email: albatain@msu.edu

Abstract— Wireless Sensors Networks (WSNs) are being
widely deployed in various applications, such as in
monitoring environment conditions and in security systems.
However, the device size, low cost and low energy are the
main problems in the design of WSNs. In this paper, a high
gain CMOS LNA for 2.4 GHz WSN application is proposed
and simulated in 0.18 um CMOS technology. A novel energy
efficient technique along with the current bleeding PMOS
devices is employed to improve both the NF and power gain
of the LNA design. Furthermore, the folded cascade is
improved by combining the Partial Source Degeneration
(PSD), shunt feedback and boosting inductor. Simulation
results show that the proposed LNA approach outperforms
the conventional fold cascode LNA in terms of gain (S21)
and NF. Also, the proposed LNA achieves a forward gain of
31 dB with a NF of 2.66 dB, while drawing 9.75 mW from a
1V source supply; and a linearity Input Third-Order
Intercept Point (11P3) of -2.5 dBm.

Keywords— Wireless micro sensor nodes; current bleeding;
0.18um CMOS technology; Partial Source Degeneration PSD;
boosting Inductors; Gain, Linearity.

I. INTRODUCTION

Wireless Sensor Networks (WSNSs) have recently attracted a
great attention in the research community. With a purpose of
providing short range connectivity with significant fault
tolerance, these systems are being applied in various areas,
such as in environmental monitoring, industrial process
automation and field surveillance. In practice, the low
voltage, low cost, device size and high integration are the
main challenges in the design of WSNs. In addition, these
networks are battery dependent ones. Thus, the energy
consumption of their receivers should be reduced as well as
the receiver sensitivity must be maintained to get long
lifetime [1, 3]. The basic WSNs topologies are shown in Fig.
1.

In practice, to enhance both the power consumption and
lifetime of WSNs, CMOS technologies are deployed due to
their low power, low cost, and high integration [2]. These
technologies integrate the design of analog and Radio
Frequency (RF) circuits in their platforms [2,4].

To that end, the Low noise amplifier (LNA) is the first
component of the WSN RF receiver. Its main role is the
amplification of the received weak RF signal with the

minimum possible noise ratio from the antenna. In addition,
it has a significant trade-off between gain, noise figure, input
impedance matching, stability, linearity and power
consumption. Practically, for narrowband LNA design, both
the Common Source (CS) and Common Gate (CG)
topologies are the most commonly deployed architecture
topologies. [6 -15]
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Fig.l. Wireless sensor network and topologies [1,3]

In this paper, fold cascode topology is used to more
suitable for achieving high gain, low power consumption and
low noise figure for WSN applications. The presented design
is based on the combining the Partial Source Degeneration
(PSD), shunt feedback and boosting inductor to meet the
specifications of IEEE 802.15.4 (Zigbee) as it is becoming a
popular choice for implementing wireless sensor networks
[1]. Zigbee requires a minimum input-referred third order
intercept point (11IP3) of -10dBm. However, the NF
specification is relaxed since the proposed design intended
for short-range applications, such as WSN.

The rest of the paper is organized as follows. Section Il
describes the noise canceling technique in LNA. Section Il
describes the proposed LNA circuit. Section IV provides the
simulation results of the proposed LNA and Section V
concludes the results of this work.
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Fig.2. simple resistive shunt feedback LNA with conventional noise

cancellation technique [18]

Il. NoISE CANCELING TECHNIQUE IN LNA

In practice, the noise cancellation technique is applied to
produce noises with opposite phase-polarities in various
paths and to cancel noises presented in the output. The
application of this technique permits for simultaneously noise
cancellation and impedance matching due to the irrelevance
among the cancellation and input impedance. One of the main
noise cancellation techniques is the conventional one. A
simple resistive shunt feedback LNA with conventional noise
cancellation technique is shown in Fig.2, [5, 11].

As shown above, the LNA includes a resistor R¢, an input
transistor M; and a feedback voltage amplifier that has a
specific gain A, (Ay > 0). The power transfer is maximized
based on designing input impedance Z;,, and matching it with
the amplifier source impedance Rg. The value of Z;, is equal

to (gi) where g, stands for the transconductance of M;.
m1

Nonetheless, this expression is derived with if the loading
impact at node Y is neglected. On the other hand, this
condition does not ensure enhancing the NF. Thus, the noise
of M, is modeled by a current source I, ;, among the source
and drain in order to detect the noise at the output. This
current source produces noise voltages at nodes X and Y; V, x
and V;, y with similar phase polarity. But, the signals voltages
at these nodes; Vyx and Vy have opposite phase polarities.
Thus, the output noise voltage can be expressed as follows:
[5,12]

Vn,out = In,M1 (Rs + Rf - Ast) (1)

To have zero output noise voltage, the feed forward voltage

amplifier gain must be:
A, =1+ By (2)

x — RS

Based on this expression, the noise of M; is canceled at the
output. Furthermore, any noise current source, which flows
among the source and drain of M; is canceled too. On the
other hand, the achieved overall voltage gain Ay after

canceling V; o, for the signal voltage can be computed as
follows:

V, e 1
Ay =28 = (1= guuRy) = Ag = =Ry (G + o) 3)
VX RS

In practice, the cancellation is not based on the condition
of input matching. Thus, Z;, = gi = R,. In addition, Ay is
m1l

equal to —2 (?) for simultaneous input matching and noise
S

cancellation. Based on equations in (2) and (3), Ay is directly
related to Ay, while A, is in proportional relation with Rg.
But, large values of Ry induce noises and decrease the
bandwidth. In practice, the decrease in the bandwidth is
unavoidable regardless of dividing Ry by Ay. Thus, in this
paper, we have a tradeoff among the bandwidth and gain
despite that both the noise cancellation and input matching
are completed

I11. DESIGN OF LNA
A. Shunt Feedback

The shunt feedback is one of topologies of the LNA
architectures, which differ in the input matching. Fig. 3
illustrates the schematic resistive shunt feedback LNA and its
equivalent RLC input matching network, [13, 15].

As shown in the Fig. 3, the input impedance at M; gate is
transformed into a series network of both Ry, and C..s. The
following formula expresses the Cg:

c (1+i> R B+ R 4
gs QLZ » ftseries (1+ngL) (1+QL2) ( )

The Ry, represents the output impedance E—L at a specific
L
operating frequency, where it can be expressed as follow:

woLG
LR

(5)

series

The voltage gain at M, is boosted by the series matching

topology about (1—jQy). Thus, the efficient
transconductance is boosted about (1 + Q.?). The LNA can
. . (1+QL2)
then achieves a voltage gain by |~—=—=
L

B. Current Bleeding

The current bleeding technique is mainly applied to
enhance the conversion gain. A simple current bleeding
diagram is shown in Fig. 6. This technique is added mainly
among the switching and transconductance stages to offer a
solution for inconsistency of both noise and linearity, reduce
the bias current at the switching stage and maintain the bias
current at the transconductance stage. In addition, it enhances
the input current with no effect on the switching stage and the
load current. The enhancement in the switching stage current



enhances the noise performance because of the low noise
pulse height, [2, 9].
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Fig.3. Schematic resistive shunt feedback LNA and its
equivalent RLC input matching network [2]
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Fig.4. Simple current bleeding diagram [2]

C. Designed LNA Structure

In this work, the design of the LNA starts by setting the
length of the transistor to the minimum possible value and
using the metric presented in [14, 16] to find the best width.
The fundamental principle of this metric is that both the total
gain and power consumption are the only two effective
parameters on the energy efficiency. Thus, the general
energy-efficiency metric can be expressed as follows:

log(gain)

Efficiency (E) = f(Gain, Power) = ———  (6)

power
A folded-cascode structure is used to reduce the power
consumption and enhance the linearity of the proposed LNA.

Fig. 5 shows the proposed LNA design based on a cascode
(CS-CG) with shunt feedback and external CS stage
cascading with CB stage to offer high gain.
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Fig. 5. The proposed 2.4GHz schematic LNA

As shown in the figure above, both transistors; My, and
My, are CS configurations. These two transistors are cascode
common source amplifiers that use the same supply current
to reduce the DC current consumption. In addition, they are
cascoded with My transistor using the current reuse to save
the DC current. The transistor My,, which cascaded with
My3, IS used to increase the power gain. Thus, the total DC
gain for this circuit is expressed as follows:

— (gml + gmz)gm3 (7)
9da29ad3

In order to increase the choke isolation, the L, Mutual
Coupled Degenerated resonant tank is employed. In addition,
the boosting transistorMy;, is used to improve the input match
with partial degenerate source, enhance the linearity and
increase high reverse isolation. Both the resistive and
capacitive shunt feedback; Rfand Crare employed to
improve both the stability factor and input impedance
matching.

The transistors Mpg, My, and Myg form a CMOS voltage
divider to provide bias voltage to the gate of the amplifier. In
addition, a choke inductor in parallel with a tank capacitor
forms a resonant tank, where this in turn increases the choke
isolation. To mitigate the inductive degeneration term, Ce
capacitor is used in parallel with the CS capacitor of the
transistor. The new input impedance can be obtained from the
equivalent impedance of the circuit shown in Fig. 5. Thus, the
equivalent input impedance can be expressed as follows:

Ay



_ chslzcgsz

= +Zs + ZeosaZ 8
eq ch51 +chsz Is 8m2 cgs2#ls ( )

So, it can be expressed as the resonant frequency as follows:

1 ) . R
L+ M) — —— ) —j—=%
wcgsl (m( s ) C‘)Cgsz ]C‘)Cgsl
Zeq = 1 1 (9)

Rx + j[(’)(Ls t M) -

(chsl Cl)Cgsz

where: R;, is a real partition controlled by the degenerated
transistor. Thus, Z., becomes dependent on the g, as

expressed below:

Rin — Rx — 8m2 ((]:-‘s i M) (10)
gs2

Then, extra capabilities are presented to adjust the circuit
input impedance, besides the increase in the gain. However,
there is a tradeoff between NF and gain of the amplifier. Thus,
the increase in the gain results in a decrease in the NF [2, 5,
13]. So, improving the gain improved the NF too. Also, there

is compromise to increase 11P3 due to:
\'\ 2
[IP3 o (Vgsz - Vthz) - Ip « r(vgsz - Vthz) (11)

Thus,

IP3 12 (Vgsz = Vinz) 1= Ip 1= (L — M) (12)

The main noise sources in a CMOS transistor are the
thermal noise, flicker noise, noise presented in the resistive
poly gate, noise resulted from the distributed substrate
resistance and shot noise associated with the leakage current
of the drain source reverse diodes. The most important noise
when operating at high frequency is the thermal one, which
can be calculated using the following formula [2, 13]:

ig? = 4KTyg,, (13)

The noise factor of the cascade LNA can be computed using
the formula below:

R, Rf Ct? w?R +
F = 1_l__l_l__ . s(gm; ng)y.X (14)
R;  Rs (Cgs W
where
Sa c? Cys |8a2
=— [ +Q]-E2+1-2c|-2 |[— 15
x=g L+ QAIE e 5 a9
and the quality factor Q is expressed as follows:
Qs (16)

- (A)GRSCt

and the correlation coefficient ¢ in equation (15) is

represented by:

151
c=_tgnd (17)

2 42
lnglnd

To that end, a bias voltage must be chosen. For cascode
LNA, the supply voltage should be greater than twice of a
threshold voltage. However, the PMOS transistor Mp5 is
used as a current bleeding device to allow a portion of current
to flow through the current bleeding branch and consequently
reduces the current that flows through the circuit. Thus, this
technique can reduce the bias current and hence reduces the
power consumption and improves the gain:

IV. EXPERIMENTAL RESULT

The proposed LNA is designed and simulated using TSMC
0.18um CMOS technology at 2.4GHz in ADS. The S-
parameters provides useful performance measures for the
proposed LNA, such as the gain (S21), NF, reverse isolation
(S12) and input return loss S11. In addition, the voltage gain
is an important performance measure of the LNA, where it is
calculated using the following formula:

) Vout
Gain(dB) = 20Log (W) (18)

In the proposed design, the gain value is increased by inter-
stage matching inductor Lb and third stage MN4 at low bias
voltage. Results presented that the proposed LNA achieved
31 dB of voltage gain. Fig. 6 shows the voltage gain of the
proposed LNA.

The achieved NF is at a desired frequency as shown in Fig.
7. Based on this figure, the circuit has NF of 2.66 dB.

s ] iia

: //'\\
201 s ;
T »
()] 7 ot
o .5 /// m4
LA freq=2.400GHz

1/ dB(S(2,1))=31.040

'100 |rl|||I|I||I|||I|II|\I\I’IIII

b0 05 10 15 20 25 30

freq, GHz

Fig.6. Forward Gain S21



As shown in Fig. 8, an IIP3 of -2.5 dBm at 2.4 GHz is REFERENCES

obtained. This graph was created based on the two tones [1] Karl, H., & Willig, A. (2005). Protocols and architectures for
technique_ wireless sensor networks. Chichester: Wiley, The Atrium,
Southern Gate, West Sassex PO19 8SQ, England
[2] Sedra, A.S. & Smith, K.C. (2004). Microelectronic Circuits; NY;
Oxford university press.
20 [3] Zhang, H., Zhiqun, L., Meng, Z., & Gang, C. (2010). A 2.4GHz
RIS 1 / Low-IF RF Frontend for wireless sensor networks. Microwave and
o m Millimeter Wave Technology (ICMMT), 225-228

I = [4] Shaeffer, D. K., & Lee, T. H. (1997). A 1.5-V, 1.5-GHz CMOS
n0|Sefreq 2400GHZ low noise amplifier. IEEE Journal Of Solid-State Circuits, 32 (5),

nf=2.668 745-758
[5] Andreani, P., & Sjdland, H. (2001). Noise optimization of an
e 10__\ nf(2) inductively degenerated CMOS low noise amplifier”. IEEE
= L Transactions on Circuits and Systems—II: Analog and Digital
el Signal Processing, 48 (9), 835-841
[6] Darabi, H., & Abidi, A. A. (2000). A 4.5 mW 900-MHz CMOS
54 m1 receiver for wireless paging. IEEE Journal of Solid-State Circuits,
~Y 35 (8), 1085-1096
[7] Manjula, S., & Selvathi, D. (2012). Design of Low Power 2.4GHz
0 CMOS Cascode LNA with Reduced Noise Figure for WSN
R N N Applications”. Springer Science Business Media, LLC
1.0 15 20 25 3.0 35 4.0 [8] Sasilatha, T., & Raja, J. (2009). Modified Design and Analysis of
a CMOS LNA for Wireless Sensor Network Applications.
p Springer Science Business Media, LLC.
n0|sefreq, GHz [9]1 Zhang, M., & Li, Z. (2011). A 2.4 GHz low power common-gate
. ; X low noise amplifier for Wireless Sensor Network applications.
Fig.7. Noise Figure 2011 IEEE 13th International Conference on Communication
Technology (ICCT), 619 — 622

m3 [10] Jagarapu, S. & Kavitha, R.K. (2011). m CMOSuA 2.4 GHz Low
y Noise Amplifier in 0.18 Technology. International Conference on
se 07 VLSI, Communication & Instrumentation (ICVCI), 10-15, 2011
] [11] Bruccoleri, F., Klumperink, E.A.M, & .Nauta. (2004). Wide-
i IP3= -2 5dBm éﬁ bandCMOS low noise amplifier exploiting thermal noise
] ’ canceling. IEEE J. SolidState Circuits, 39 (2), 275-281
[12] Chen, K. H., & Liu, S. I. (2012). Inductorless Wideband CMOS

Low-Noise Amplifiers Using Noise-Canceling Technique. IEEE

Transactions On Circuits And Systems—I: Regular Papers, 59 (2),

. 305-314

[13] Wang, S.C., Su, P., Chen, K. M., Liao, K. H., Chen, B. Y., Huang,
S. Y., Hung, C. C., & Huang, G. W. (2010). Comprehensive noise
characterization and modeling for 65-nm MOSFETs for
millimeter-wave applications, IEEE Trans. Micorw. Theory.
Tech., 58 (4), 740-746,

[14] Bataineh, Z., & Salem, F. An Energy-Efficient and High Gain Low

- Noise Amplifier for Receiver Front-Ends. International Journal of

-150— Research in Wireless Systems, 2012.

] [15] RamanaReddy, M., MurthySarma, N.S and ChandraSekhar, P..

- (2014). A 2.4 GHZ CMOS LNA input matching design using

5 resistive feedback topology in 0.13pm technology. IRET:

GBmHB vint 1D

20— BN U International Journal of Research in Engineering and Technology.
230 -17.5 -12.0 6.5 -1.0 45 10.0 3(3),172-176.

[16] D. C. Daly, A. P. Chandrakasan, "An Energy Efficient OOK

P Transceiver for Wireless Sensor Networks," IEEE Journal of

. . Solid-State Circuits, vol. 42, no. 5, pp. 1003-1011, May 2007
Fig.8. 11P3 versus input power

V. CONCLUSION

A 2.4GHz shunt feedback two-stage cascode LNA with
interstage resonance technique is designed and simulated in
0.18um CMOS technology. The presented LNA offers a
sufficient gain for WSN applications. It has a gain of 31 dB
and NF of 2.66 dB. It consumed 9.75 mW at a supply voltage
of 1V. The proposed LNA is useful for low power WSN
applications.
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