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A 0.8-dB NF ESD-Protected 9-mW CMOS LNA Operating at 1.23 GHz

Paul Leroux, Johan Janssens, and Michiel Stey&ertior Member, IEEE

Abstract—n recent years, much research has been carried out TABLE |
on the possibility of using pure CMOS, rather than bipolar or MINIMUM GPS ReCEIVE POWER LEVELS
BiCMOS technologies, for radio-frequency (RF) applications. An
example of such an application is the Global Positioning System P code | C/A code
(GPS). One of the important bottlenecks to make the transition to
pure CMOS is the immunity of the circuits against electrostatic L1 Il -133 dBm | -130 dBm
discharge (ESD). This paper shows that it is possible to design a
low-noise amplifier (LNA) with very good RF performance and L2 ! 136 dBm | -136 dBm

sufficient ESD immunity by carefully co-designing both the LNA
and ESD protection. This is demonstrated with a 0.8-dB noise

figure LNA [1] with an ESD protection of —1.4-0.6 kV human . . .
body model (HBM) with a power consumption of 9 mW. The tradeoffs of the realized LNA are presented in Section Ill. The

circuit was designed as a standalone LNA for a 1.2276-GHz GPS experimental results are discussed in Section IV.
receiver. It is implemented in a standard 0.25xm 4M1P CMOS
process. Il. GPS POWERLEVELS AND LNA REQUIREMENTS

Index Terms—CMOS integration, ESD protection, GPS,

; > : . Table | shows the minimum specified received signal strength
low-noise amplifier, receiver front ends, RF, wireless.

for the different GPS signals. For civil GPS, the second column
(the C/A code) is the relevant one. In the L1 band (broadcast
I. INTRODUCTION at 1.575 GHz), the minimum received power-430 dBm.

HE PERFORMANCE requirements of high-end GPS reTh|s gives us an effective signal-to-noise ratio (SNR) of about

ceivers are quite tough, requiring a receiver with good se 9 dB at the input of the receiver. In the L2 band (broadcast at

sitivity performance as well as a low-noise amplifier (LNA) -2276 GHz), the minimum received power is even 6 dB lower,

characterized by an excellent noise figure. To cope with theseyégld.mg an effective SNR of 23 dB. In practice, the SNR of the
ﬁcelved signal is much worse. In urban canyons or when tree

uirements, high-performance GaAs MESFET LNAs are ofter . - . .
q gn-p i liage shadows the user, the minimum received power often is

used, because they are capable of offering excellent noise -
: . : uch lower than the specified130 dBm. The SNR can be de-
ures in the order of 1 dB at large power gains of 20 dB. Using faded by as much as 10-20 dB.

GPS LNA as a test vehicle, this work will prove that even in d Therefore, to keep the receiver from giving up early, the re-

standard submicron CMOS technology, an extremely low noise. S .
figure (<1 dB) and a high gain (20 dB) can be achieved at fgiver noise figure must be very low, which poses severe de-

. . . ands on both the noise figure and the gain of the RF input am-
23{35&?’” consumption as commercially available GaAs I"\ipﬁ‘n‘ier. In order to prove the suitability of CMOS for building

The 0.25xm CMOS LNA described in this work [1] offers extremely sensitive receivers, one must demonstrate the feasi-

a noise figure as low as 0.8 dB at a power gain of 20 dB whiﬁa'“.ty Oflgcg'g\ggg vtery low noise f|gur$s§( 1 dB) anl;jl |6t\rggaA
consuming only 9 mW, outperforming previously publishegams( - ) at a power consumption comparable to S

CMOS LNAs with respect to noise figure, gain, and poqufomt'ons' In [1], a CMOS LNA was presented which consumes

consumption. In addition, the IC contains an electrostatic di§>S than 10 mW while offering a performance comparable to

charge (ESD) protection on the radio-frequency (RF) input pg&mmermal GaAs LNAs.

which is capable of protecting the LNA againsti.4—-0.6 kV
human body model (HBM) pulses. This demonstrates that an
excellent performance can be achieved while at the same time Topology

providing> 0.5 !(V ESD protection. ... The LNA has been implemented as an inductively degener-
Section Il reviews the power levels of the GPS applicatio

: . O%%ted common source amplifier (Fig. 1), which amplifies the an-
and the typical requirements for a GPS LNA. The actual de&g&na power while presenting a $Dinput impedance to the
antenna. Cascode transistof, drastically reduces the Miller
Manuscript received May 28, 2001; revised December 19, 2001. effect by ensuring a low impedance at the drain of the am-
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Finally, R;, — jwLeq denotes the input impedance of the LNA
seen at reference plane 2.

Traditionally, the value oR§ would be designed to equgk,
i.e., 502. However, since the requirefl; is typically only
—10 dB, an extra degree of freedom can be introduced by re-
alizing a nonperfect input match. This can be used to boost the
performance of the LNA and, more specifically, the power gain
of the circuit. The available power of the source is by definition

given by
2 2
v v
Pav = eq = S 3
4R., 4Rs )

whereRg = 50 €. The output power of the LNA is determined
by the equivalent load resistanég,.  of the LNA and by the
current injected in that load:

Fig. 1. Input matched common source, cascode LNA.

Pout = igutRload- (4)
© @ . R..q mainly consists of the equivalent parallel resistance of the
¢ Req +j Wy Leq H ;
Rs<§ } fout load inductor.
i 272
Rs Lg Fin R ~ wOLd 5
e o W } o oa : )
_L whereR; is the series resistance of the induckqr The induc-
Vs G L tance itself is tuned out by the excess capacitance at that node.
I The output current?,, is given by
w 2
. . . T
R - Loy < Bu=it () ©)
wo
Fig. 2. Input section of the LNA. where
. L ™
increases the stability, and causes the output matching network (Req + Bin)

and the input matching network to no longer influence eagtiom (3), (4), (6), and (7), the power gain of the LNA may be
other. The input of the LNA is protected against ESD by twggicylated, as follows:

reverse-biased diodes. The output is matched t& &Y a ca- )
pacitive divider made up af; andC,. BeqRioad <w_T>

t =
(Req + Rin)2

B. Theory It is seen that the highest level of power gain for a given
The input of the LNA is shown in Fig. 2. A certain amount ofrequency and value aofi; is obtained by making the input
parasitic capacitandg, is always present. Part of it comes frommpedancer;, as low as possible. This means that even though
the input bonding pad; another part could stem from an ESRss power is absorbed at the input of the LNA, the power is
protection network at the input. It is instructive to define twsed more efficiently to generate output current and, hence,
reference planes 1 and 2 and to look at the different impedargﬁﬁput power. Note that for input matching, it is important to
levels at these node&is denotes the impedance of the sourcgclude the non-quasi-static (NQS) effect, a phase lag in the
which is the output impedance of the previous building blocknannel charge buildup. Although it is an inherently high-fre-
either an antenna or a channel-select filter. In this cAsels  quency & 100 GHz) effect, due to the resonance at the LNA

simply 50€2. Rg denotes the input impedance of the LNA seefypyt, the NQS is seen as an extra gate resistance [6].
at reference plane 1. The equivalent source impedance seen to

(8)

wo

the left of referenf:e plane 2 is given B, + jwLeq, Where Rgngs = 1 k=5 9)
R.q and L., are given by Kgm
This implies thatR;, can never be set lower thaR; ngs
R Rg 1 (around 202).
VT L202R2 + (1-w2C,L )2 @) Noise considerations are also best done on the reference
orpms Y plane ofR., (see Fig. 2). The non-quasi-static effect should be
Lg—Cp (woLg - RS) ) taken into account in the noise analysis. It implies a time-variant

“ _wgchg +(1- w%CpLg)Q' channel charge, resulting in an equivalent input noise current,



762 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 37, NO. 6, JUNE 2002

yielding the following approximate expression for the noist

figure (NF) of the LNA [6]:
2 2
NF ~ 1+ <ﬂ) Y g R+ <ﬂ) 12, o
wr « wr ak  Kgmfleq
~ ~— ~ ~ ESD
Classic Noise NQS Noise (10) Protection
with «, v, andé known transistor parameters. In case of higt Lg
R.q, the noise is determined by the classic drain noise, but at Icn_/—? Chp,out
R.q, the NF increases again due to the NQS noise. Equation ( Cr s I
it i ;i bp,in :
has shown that a larger parasitic capacita@igewill increase P, % yag
the equivalent source resistangg,. SinceC,, is almost always Do....i Ls
high enough for the classic noise to dominate, the insertion .
the ESD protection will significantly degrade the noise figure ;'ss
Based on (3)—(10), it is further seen that the NF decreases ainu
the power gain increases with increasing. As such, deeper rig. 3. The 500 cascode LNA circuit.
submicron technologies automatically improve both the NF and
gain of the LNA. 8 : ,
The dependence of the LNA linearity, characterized by its / 0.35 / l l l
input-referred third-order intercept point (IIP3), on thgs — 7t / oog 028024
Vr(Vg), technology and input matching is shown in (11). 4 0.3 ’ | |
6F 0.35 )
) 4 Vgt (1 + @Vgt)2 (2 + @Vgt) / / 0.28 028 0.24
IIP3 ~ 10log | = o3 | ,
50 ) E,l ’.faza o o
+2010g [ woCls (Req + Rin) ~10. (11) 2 os | ] \
Req - 3?'35 | 0.26 0.24
_ _ , o | ozs T 2 oma
For a transistor without matching section [first term of (11)], 0.3 \ ggé
the 1IP3 improves with increasinggs — Vr and deteriorates 2p35 - L ' l 026000 et
with deeper submicron technologies. Although the MOS seems i o.s_fi_’:a% e
to “linearize” for decreasing gate lengths due to velocity satura- ,
tion (given by®), the effect on intermodulation gets worse for e e
Vas — Vo < 0.25 V. For a matched transistor, the dependen- : . v 9\/2 V) 0.25 0.3
cies become more complex because the IIP3 decreases with de- Gs

creasing equivalent source resistait.g. This is shown in the
second term. The final term converts the units from ¢Byto
dBm.

Since the value oR.,, is determined by the amount of parasti¢he plot, a noise figure as low as 0.3 dB can already be achieved
capacitanc€’, (1), a tradeoff exists between the linearity, gairt @ drain current of only 1.1 mA. F|g. 5 plots the contour lines
and noise performance and the required level of ESD protecti@hthe IIP3 of the LNA. Clearly, 6 mA is not even required from
After this value is set, the performance of the LNA may be opt linearity perspective; an IIP3 et6 dBm can already be ob-
mized by Considering the power Consumption Ve@§_ VT tained at about 3 mA. HOWeVer, 6 mA is needed in order to ob-

Fig. 4. Contour plots of the total LNA noise figure (dB).

using (3)—(11) to realize the specifications. tain sufficient power gain, as is explained below.
Fig. 6 indicates that the required effectiff,., at the drain
C. Optimization of the cascode becomes large when biasing the input stage at

A basic schematic of the LNA is shown in Fig. 3. In order t(BOW current levels. This can be attributed to the drop in the effi-

clarify the design tradeoffs, Figs. 4-6 show contour plots (bas‘é'fz gfég{ffg‘; ?mgggy;zigevfe‘aeﬂus;ct’ggeir'}gffi;ﬁ;?sig? ‘?rqh“év'
eq .

on the previous equations) of the most important LNA propeJ- X . )
ties in the design space of the amplifying device. In these plo gct thatinductors with a largéo.a do indeed pose some prob-

ems can be explained by the following reasoning. Any practical
stem must be able to tolerate process variations. One of the re-
jrements could be that the operating frequency must lie in the
—3 dB bandwidth of the amplifier despitedaAw, deviation in

Qe center frequency. This requirement translates into the fol-
owing constraint on the total LNA quality factep:

it is assumed that the input capacitaidégis set to 210 fF, i.e.,
110 fF for the bondpad and 100 fF for the protection diode¥
This capacitance ensures a level of ESD protection exceed
the 0.5-kV HBM protection level that was specified.

Fig. 4 depicts the NF of the LNA under ideal circumstanc
(i.e., assuming a lossless, L., etc.). As can be seen from the
plot, the noise figure is extremely low in the whole design space. wo

The LNA does not even need the available 6 mA; according to Quva < 208w

12)
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Fig. 7. LNA micrograph.

At this point, the quality factor of the input section equals 0.9,
leaving a maximum of 4.1 fo€ . On the other hand, Fig. 6
indicates that the effectiv&;,.q must be around 31. This
resulted in a 10.5-nH inductor with a Z@-series resistance,
equivalent with &, of 4 and anR,,q of about 33(2.

Since the LNA was designed as a standalone circuit with
both input and output impedance equal to 80 achieving
a maximum power transfer requires that the {bdead is
transformed into the complex conjugate of the effective output
impedance at the drain of the cascode. In other words, the
matching network must transform the S0load into a resistive
path with impedancé?..q and at the same time generate the
exact amount of parallel capacitance to cancel out the effective
inductance at the drain of the cascode. Therefore, the rest of the
matching network must contain two degrees of freedom. In this
particular circuit, these degrees of freedom are offered by the
quasi-lossless capacitive dividéh /C> [5]. In fact, for each
e T realizable inductor, there exists a realizable combinatiofi,of
— R and C, values that provides the correct impedance, provided

vGS(-)va (V) 0.25 03 that:
1) the inductor is not self-resonant at frequencies near or
Fig. 6. Contour plots of the required inductBr..q [€2]. below the operating frequency;
2) the required capacitance from the output nod&4gis
For instance, in the case thAtuy = 20.1wo, Qrxa Must be larger than the minimum possible, which is limited by the
smaller than 5. Thé); x4 value consists of two contributions: sum of the parasitic capacitance of the output bondpad

the quality factor of the input (generally close to one because ~ and the stray capacitance@f toward the substrate.
of the bondpad/protection capacitance) and the quality factor of
the output section, which is mainly determined by the inductor. IV. EXPERIMENTAL RESULTS

StatingR).aq in terms of the quality factor of the inductor yields A photograph of the IC is shown in Fig. 7. The IC is imple-

1 mented in a standard 0.26n 4M1P CMOS process and occu-
Rioaq = <QL + @) wolg = Qrwola- (13) pies an area of 0.66 nfmTo measure the LNA, the IC is glued
onto a thick film ceramic substrate, and all the pads are wire
Since@ ;. needs to be smaller than the value calculated in (1Bpnded to 502 microstrip lines. The gate inductor is imple-
(diminished by the quality factor of the input section), an inmented as a bondwire because of its low series resistance and
ductor with a largeR?;..q must necessarily exhibit a relativelyits low parasitic capacitance. The substrate is then mounted in a
large inductance value. Yet, considering that the resonance ftepper—beryllium box which shields the LNA from external in-
guency must remain the same, this strongly linffiisandCs, terference and serves as reference ground. The connection to the
which makes the matching network very sensitive to externakternal world is provided through two SMA connectors. The
parasitics. LNA is biased in its nominal 9-mW regime, i.e., drawing 6 mA
In view of the above, thépgs and theVys — Vi of the am- from a 1.5-V supply. First, the complete S-parameter set has
plifying device have been set to 6 mA and 0.14 V, respectivelyeen measured using an HP network analyzer. The forward gain
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B
(=)

are better than-10 dB in a 100-MHz-wide band around the
GPS L2 frequency of 1.2276 GHz (1.2-1.3 GHz). Due to the
increased resistivity of the top metal layer, tRg.4 of the caoll
became 20% lower than originally simulated, which resulted in
a lower Sy; and a largerSs,. The gain degradation has been
compensated for by lowering the inputimpedance t 2§ de-
creasing the nomindl, value. The NF of thé0 © Rs /30 Q R§
configuration is approximately the same as in the case of a
normal>0 € Rs/50 §2 Rf configuration. The NF of the LNA has
been measured directly using a noise-figure meter and is plotted
in Fig. 8(c). At the GPS L2 frequency, a low NF of 0.8 dB is
measured (including the noise of the microstrip lines). In addi-

w
[3)]
Y

(4]
[=]

N
(=)

Gain and Reverse Isolation [dB]
& &

10 i i i i A
1 1.1 1.2 . é.B 1.4 1.5 1.6 tion, the NF remains below 1.2 dB in the 200-MHz-wide fre-
[GHz] quency range between 1.1-1.3 GHz. The sensitivity to nearby
(@) interferers has also been evaluated. In the L2 band, the IIP3 and

0 . r r . : the 1-dB compression point are10.8 and—24 dBm, respec-

5 : : : : tively. It is worth noting that all the measurements have been
performed from SMA connector to SMA connector, i.e., without
de-embedding the substrate parasitics such as strip-line resis-
tance, connector nonidealities, etc.

The IC has been tested for ESD immunity as well. HBM
ESD tests have shown that the LNA is capable of surviving
positive ESD pulses up to 0.6 kV (zaps measured with respect
to Vpp) and negative ESD pulses down tel.4 kV (zaps
measured with respect to ground), exceeding the 0.5-kV spec-
ification. The bottom diode (D2) protects the input against
negative zaps with respect to ground, yielding a protection of

Input and Output Refiection [dB]

N
N

-14] T3 12 163 154 1f5 16 —1.4 kV. Positive zaps with respect ¥ are covered by top
f [GHz] diode D1. However, the series resistance originally inserted in
(b) the Vpp path to damp any possible resonance between the

power supply bondwire and the decoupling capacitors lies in
the discharge path and therefore limits the positive ESD per-
formance to the lower 0.6-kV value. In case of a positive zap
with respect to ground, the top protection diode must con-
duct the positive ESD current to tAép from where it must
be directed to ground through a low-resistance power supply
clamp. However, since this clamp was not implemented on the
test chip, we could not test the susceptibility to positive ESD
pulses with respect t&pp. For the same reason, we could
only test the susceptibility to negative ESD pulses with re-
spect to ground and not with respect to #ig,. Nevertheless,
: : : since such a clamp may consist of very large structures which
0.6 1f1 132 1‘3 T4 contribute almost no series resistan_ce to the ESD disc_h_arge
f [GHz] ’ ' path, the LNA should be able to withstand 0.6-kV positive
© zaps with respect to ground andl.4-kV negative zaps with

respect toVpp. The measurement results are summarized in
Fig. 8. Measured LNA performance. (a) Gain and reverse isolation. (b) Inpvéb|e Il
and output reflection. (c) Noise figure. ’

. - . V. CONCLUSION
(transducer power gairf;;), plotted in Fig. 8(a), is measured

to be a flat 20 dB in a 100-MHz-wide band around the GPS L2 This work shows that, even in a standard submicron CMOS
frequency of 1.2276 GHz (1.2-1.3 GHz). Th& dB bandwidth technology, an extremely low noise figure (L dB) can be com-

is approximately 400 MHz (1.05-1.45 GHz). At the same tim&ined with a high gain (20 dB) at the same power consumption
the reverse isolation{S.) is better than 31 dB over the wholeas commercially available GaAs LNA solutions. In addition, the
frequency range of the network analyzer (300 kHz—3 GHZL is fitted with an ESD protection on the RF input, which is ca-
Fig. 8(b) shows that, in the L2 band, the input reflection cgsable of protecting the LNA fror-1.4 kV to 0.6 kV HBM. This
efficient (S;1) and the output reflection coefficientS4,) demonstrates that an excellent performance can still be achieved
are-11 and-11.5 dB, respectively. Both reflection coefficientavhile at the same time providing 0.5 kV ESD protection.
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TABLE 1l

EXPERIMENTAL RESULTS AT 1.2276 GH
Supply Voltage 1.5V
Current consumption 6 mA
Power consumption 9 mW
NF 0.8 dB
Say 20 dB
Sn -11 dB
Sag -11 dB
S12 -31dB
IIP3 -11 dBm
ESD-protection +0.6 kV / -1.4 kV HBM

ACKNOWLEDGMENT

The authors would like to thank Kawasaki Microelectronics

Inc. for processing the circuit.

(1]

765

REFERENCES

P. Leroux, J. Janssens, and M. Steyaert, “A 0.8-dB NF ESD-protected
9-mW CMOS LNA,” in IEEE Int. Solid State Circuits Conf. (ISSCC)
Dig. Tech. PapersSan Francisco, CA, Feb. 2001, pp. 410-411.

[2] A. Rofougaranet al, “A 1-GHz CMOS RF front-end IC for a direct-

(3]
[4]

(5]

(6]

conversion wireless receivelEEE J. Solid-State Circuitsvol. 31, pp.
880-889, July 1996.

D. K. Shaeffer and T. H. Lee, “A 1.5-V 1.5-GHz CMOS low-noise am-
plifier,” IEEE J. Solid-State Circuits/ol. 32, pp. 745—-759, May 1997.

C. P. Yue and S. S. Wong, “On-chip spiral inductors with patterned
ground shields for Si-based RF IC$EEE J. Solid-State Circuits/ol.

33, pp. 743-752, May 1998.

B. A.Floydetal, “A 900-MHz 0.814«m CMOS low-noise amplifier with
1.2-dB noise figure,” inProc. IEEE Custom Integrated Circuits Caonf.
1999, pp. 661-664.

J. Janssens and M. Steyaert, “MOS noise performance under impedance
matching constraints,Electron. Lett, vol. 35, pp. 1278-1280, July
1999.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 
	Intentional blank: This page is intentionally blank


