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Recent Trends in CMOS Lawnv Noise Amplifiers
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Abstract - This paper presents an werview and comparison of CMOS lav noise
amplifier (LN A) architectures. A brief review of noise figue and linearity is presented to
give the reader some backgound into typical performance measues of LNAs. A traditional
radio frequency (RF) ecever architecture is presented and LM performance is related to
overall recever performance. Recent CMOS LM performance comparisons a¢ made and
a representatve LNA architecture is reviewed. The tw highest perbrmance CMOS LNAs
to date (introduced at ISSCC 2001) in terms of noise figarand linearity are reviewed.
Finally, a predicted lov-voltage CMOS architecture based on an inneative bipolar archi-

tecture is presented.
|. INTRODUCTION

Low Noise Amplifiers (LM\) are the backbone of radio frequgr{®&F) communications
recevers. Their specifications define theemll noise performance and cavéaleleterious
effects on the linearity of the RF reeei However, consumer demands to increase the frequen-
cies at which RF systems operate are straining the capabilitiestfig architectures.

CMOS LNAs are recently drging intense attention because useasitna cheapefully
integrated solution. Bipolar solutions generalljeothigher performanceubcannot be fully
integrated with the receer’'s baseband digital signal processing which is inherently realized in
CMOS technology

This paper gies an introduction to the fundamental concepts did.Bnd their releance
to modern wireless communications reees. Section Il introduces bwfundamental concepts in
LNA performance measure, noise figure and lineafgction Il will shev how these tw per-
formance measuresfatt the @erall specifications of a RF reger. From there, some traditional
CMOS architectures are described in SectianTWe tw highest performance CMOS AN to
date (reported at ISSCC 2001) are described in Sectiéindlly, a prediction of a future CMOS

LNA design is presented in Section VI.
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Il. Two FUNDAMENTAL PERFORMANCEMEASURESOF LOW NOISE AMPLIFIERS

Noise Rctor and Noise igure

The noise dctor (F) of a tw port stage is simply defined as:
SNR)

F=__IN 1)
SNRoyT

where SNFR and SNR 1 are defined as the signal-to-noise ratios at the input and the output of

the stage, respeetly. Thus the noise figure is a measure of tigratiation of the SNR through

a stage. A stage with better noise performance hagea twise &ctor (the minimum being 1).
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Figure 1. Noise factor of a cascaded system

For a cascaded system ofawstages as shm in Fig. 1,

1
Feas = F1+é—1(F2+1) (2)

whereG;, is the @in of the first stage arfe}, F,, Fcasare the noiseactors of the first stage, sec-
ond stage and the cascade of the stages, respeetly. Hence, the noisaétor of the entire cas-
caded system depends only on the noise figure of the first stagefluat the gin G, of the first
stage is lage enough to makthe second term of equation (2ylngible. Because LNs ae the
first gain stge in a RF eceiverthey are required to have modate gains and low noise factor

Finally, the noise figure (NF) of a system is simply the naseof (F) measured in Deci-
bels:

NF = 10log(F) in dB (3)

Noise figure is used instead of noiaetbr to characterize LA in literature and will be used

through the remainder of this paper
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Linearity - Third-order intercept point (IP3)

The IP3 of stage is a measure of its linearityhile mary analog and RF circuits are
approximated with a linear model to obtain their response to small signals, non-linearities often
lead to harmful phenomenaorRthis discussion, we assume that an inpuftpto a system leads

to the linear and nonlinear output:

y(t) = orlx(t) + azxz(t) + a3x3(t) (4)

We find that ifx(t) consists of sinusoids of wWfrequenciesy; andw,, then output contains terms
at the frequenciesw, +/- mw,. These terms are called intermodulation (IM) products are present

due to the nonlinearity of the system described in (4). oftie of an intermodulation product is
(n+m).
Of particular interest are the third-order IM productw@4¢-w, and 20,-0, illustrated in

Fig. 2. If the diference betwee®, andw, is small, the components 2b,-w, and 20,-w; will

appear ery close to the original signals. These anted signals may cause errors in the detec-
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tion of the vanted signals.

Figure 2 Third-order intermodulation in a nonlinear system

A measure the relat strength of the uramted signals &tw;-w, and 2,-w;, is the third-
order intercept point (IP3). Wb equal pwer tones at frequencieg andw, are applied to a sys-

tem and the pmer of the third-order IM products are measured. A typical plot of output vs. input
power in dBm [= 10log(x/0.001)] is sk in Fig. 3.
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Figure 3 Growth of Output Components in an intermodulation test

The top line is a plot of the p@r of the linear term of equation (4) and the bottom line is
a plot of the paver of the third-order IM products. It can be winahat the paer of the third
order IM products increases with a slope of three welati the slope of the lineaaig line. The
IP3 is the point at which the awlines intersect. A standard measure in RF circuits is the IP3
referred to the input peer called the input-referred IIP3 (or 1IP3). As inferred from Fig. 3,
higher \alues of 1IP3 mean Wer third-order IM products for axgn input paver. Thus, the
higher the 11P3 of LNA, the better itslinearity.

[Il. A MODERN COMMUNICATION RECEIVER

In this section, a typical communication reegiarchitecture is presented. The perfor-
mance measure of the entire rgeeiis also related to the performance of théALN
Fig. 4 shavs the basic architecture used in m&*F recerers. The RF signal is detected
by the antenna and put through a band pre-select filter with unity norainahghe band of
interest. The band pre-select filter usually hasdelectvity (wide passband) because its pass-
band is centered at such high frequencies. Th&ishe first @in stage of the reaadr, and may
or may not be tuned to a specific passband. Image reject filtering may be in the signal path before

a mixer brings dwn the RF signal to the intermediate freque(l€) for further signal process-

ing.

Band Image
Antenna pre-select reject
filter LNA " fiifer  Mixer
RF LO IF

Figure4 A Typical Wireless Receiver
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From equation (2), it is seen that theA.l¢ responsible for prading the first @in in the
recever while itself contrilating as little noise as possible. Although theanbends to define the
linearity of a gven recarer, an eceptional 11P3 in the LN allows the linearity of the mex to be
relaxed considerably This can be greatly admatageous in some architectures.

The LNA impedances should be matched closely t@Q5i both its input and output for
maximum paver transfer at radio frequencies. AMput and output matching is also essential
because RF filter responses arevitga@ependent on matching conditions. Finalhe LNA must
have good reerse isolation (signal path from its output to input) so that the LO signal at the out-
put is not permitted to tvarse backards through the LA into the antenna (a phenomenon

known as LO leakage).

IV. TRADITIONAL CMOSLNAS

The term ‘traditional’ is a misnomer when it comes to CMO®\ENAs late as 1996,
only four published papers on CMOS ABlexisted in literature [4]. Indct, CMOS LM archi-
tectures hee not changed drastically since the first published CMOS& hé&étause most adwce-
ments were accomplished during the bipolar age of RF circuits.

However, some interesting design styles that optimized noise figure and/or linearity at
moderate pwer consumptions lva dominated eer the last fie years. A plot of recent trends in
CMOS LNA achievements is shen in Fig. 5. The solid line in each graphsisahe 11P3/pwer

and NF/paver trade-df In general, paver can bexechanged for lver NF and higher 11P3.



ECE1371 ANALOG ELECTRONICSII

20 T T

15+ lE

(1) Leroux 2001, CMOS @ 1.23GHz [1]

®) (2) Ding 2001, 0.35um CMOS @ 900MHz [2]

10 o 1 (3) Ding 2001, 0.35um CMOS @ 900MHz [2]
IIP3 vs. Power in Traditional (4) Janssens 1998, 0.5um CMOS @ 900MHz [3]

(2 CMOS LNA (5) Shaefer 1997, 0.6um CMOS @ 1.5GHz [4]

s N \ (6) Rodgers 1999, UTSi CMOS @ 2.0GHz [5]

(103 (7) Shahani 1997, 0.35um CMOS @ 1.6GHz [6]

12) 1 (8) Floyd 1999, 0.8um CMOS @ 900MHz [7]

° (9) Zhou 1998, 0.6um CMOS @ 900MHz [8]

(10) Kim 1998, 0.8um CMOS @ 1.9GHz [9]

(11) Karanicolas 1996, 0.5um CMOS @ 900MHz [10]
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®) (12) Huang 1999, 0.25um CMOS @ 900MHz [11]
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Figure 5 Tends in Noise figerand 1IP3 in ecent CMOS LNs

Designs 1 and 3 are state-of-the-art represgatatf optimum noise figure and linearity
respectrely. These designs will be discussed in thd section. Design 11 (Karanicolas [10]) is
a representate high performance design, reporting thedet noise figure and highest IIP3 per
unit paver until this year Other designs (12, 8, 6)vgi better performancaibwith at least 50%
more pever consumption.

The basic problem with using CMOS for BN is its inherently v transconductance and
hence smallgin. A typical CMOS LM suffers from not preiding enough single stagaig to
make the second term in equation (2ylgible. Thus, CMOS LNs usually trade peer for
noise figure by increasing bias currents.

Karanicolas, hevever, uses an intelligent current-reuse techniquefecafely double the
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transconductance of a single stage without increasing the bias current. Figs@shmplified

schematic of design 11.rdnsistors M and M, are essentially a digitalvarter biased for |ge

gain by the ngative feedback loop. Thegkto this design is thatggn the same bias current, the

effective transconductance of this BNS g1 + g2 Versus simplyg,,; in the case that transistor

M, were omitted.

Vin | Vout

Ms Vref

Figure 6 Simplified cuant-reuse LM sdhiematic [10]

The design as optimized for linearity (maximum IIP3) by choosWg; so that the output

obtains the maximum swing without clipping. The actual design usesftthese identical

stages in cascade for betterarse isolation (to block signals from the output from leaking back
to the input). A major draback of this design is its inherently high input and output impedances,
requiring it to hae external matching netarks. This obstacle precludes the use of this design in

fully integrated applications.

V. STATE-OFTHE-ART CMOSLNAS

Lowest noise figerto date

Design 1 in Fig. 5 has thedest reported noise figure to date. Lerswesign has
achieved this while also consuming a fraction of thevpocompared with other designs. It
achieves input and output matching on-chip and includes fieetefof ESD protection diodes,

making it fully integratable.
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Fig. 7 shavs the simplified schematic of the design [1 miaximize @in and reerse iso-
lation while conserving per, a cascode topology is used. Furthermorgratation of linearity
is prevented because only a single stage is epgalo The cascode configuration minimizes the

Miller effect, significantly lavering the input capacitance seen at thte @f M; and enhancing
stability. The use of a load inductbg permits lage gains with no DC wgltage drop, a necessity

for low-voltage design (1.5V). The input of IANs protected from ESD by twreverse-biased
diodesD, andD..

Figure 7 Simplified LN shematic with ESD ptection

The input and output impedances are matched @ BQ using on-chip impedence trans-

formations [12]. The input matching (to &) is accomplished with on-chip inductdrg Lsand

transistorM,. The input impedence at high frequencies is:

1 MmO
Z. =s(L_+L)+—+ m (5)
in s g SCg51 gsill s

which can be set to a real impedance o€5&t resonance (@1.23 GHz for this application) with
proper component selection. The output impedence match isedlgthe capacite dvider of
C, andC, and the load inductdr,. At resonance, the impedence seew,gtis 50Q, while the
impedence seen at the drain\f is 500Q. Thus, a highan is attainedven under matched
conditions.

The noise figure of this design is minimized by carefulaiesizing and layout. The &

gain of the single stage minimizes the last term in equation (2). Asshd1],[13], intricate
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second order noisefetts which are b@nd the scope of this paper aregiaknto account to min-
imize the noise figure. This design is highly attrecbecause it is fully inggated and is the first
published design (to the auth®kKnavledge) to incorporate ESD protection making it immedi-

ately viable for commercial use.

Highest 11P3 to date

Design 3 reports the highest linearity in aA.M date. Ding [2] achiees IIP3 maximiza-
tion by introducing an architectural invagion. The placement of mLNAs in parallel allavs the
third-order IM products to befefctively cancelled. The dndback of this design is a doubling of
power consumption due to the dual-ANrchitecture.

The basic inngation in this LM is the cancellation of the third-order harmonics. Omit-
ting the second term (because the second-order harmonics uallaiy band) of equation (4)

gives:

y(x) = AXEJ’TL+ azng (6)

If an auxiliary signal path witB times the signalan is also passed through an identical system,
then the third harmonic is cancelled by subtractifij fifnes the auxiliary output from the pri-
mary output [2]. The procedure is sitobelav:

2
ymain(x) = AX%HGZX E

2
yaux(Bx) = ABX%[+G2[32X E

_ 1 0
Y(X) = Yygin(9) = a;gyaux(sx)

01 0

= Al1-G=0|x )
{ qv,zm}

The third harmonic caused by the third-order term is completely cancelled theoretitaity

ever, nonlinearity cancellation is limited in practice byide mismatches which are on the order
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of 1%. The auxiliary LM consumes additional per and decreases thaiig of the main LD

by 132 as shan by equation (7).

V. .
in (maln_) _Vin (auxiliary)

Figure 8 Simplified high linearity LAlshematic

Fig. 8 shavs a simplified schematic of the design [2]. EachLslimplemented dieren-
tially with a telescopic cascode inducttagenerated architecture. This type of CMOSALINas
become the most popular design choice in recent years ([1], [6], [7], [11]) becauseviesachie
high-gain and lev noise in a single l@-power stage with internal input and output matching.
Input matching is achied with inductord.j andLs

A B of 2 (see equation 7) is chosen for this implementation which means that the auxiliary

LNA requires 1/8 of the @in of the main L. To achiee better matching, the sizes and drain

currents through the mLNAs are identical, it only 1/8" of the auxiliary output current is sub-

tracted from the main LA output. Thus, this implementation consumes twice theepo

Since the auxiliary LKW contributes only 1/8 more output noise, its addition increases
the overall noise figure of the circuit by less than 0.2dB. One majertdrek of the gien imple-
mentation is that the reportedvper cain (<5dB) of the full LM\ is much less than itltage
gain (23.8dB), implying that the output impedancexiseamely lage and not matched to $D
This obstacle prents this LM from interfacing with &ternal filters (see Fig. 4) at its output and

results in &remely poor pwer transfer
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VI. PREDICTED LNA RESEARCH

As shavn in Fig. 5, CMOS LMs are already capable of achigg high performance with
moderate pwer consumption. Heever, due to increasing demand fomgower portable
devices, future LM research will be directed at sustaining performance while decreasiusg po

As evidenced by the highest performance designs of late ([1], [2], [6], [7], [11]), cascoding
of MOS devices has become almost a standard in CMOSd.NHawever, as supply gltages
decrease, nearchitectures for CMOS LAs must be defined.

An extremely inn@ative lov-power bipolar design (Long, [14]) has yet to be reported in
CMOS technology Fig. 9 shws the simplified schematic. This design can operate at supplies

well under 1V because the only required Diltage drop is across Mabout \.g). The input

matching is achieed with netvark Ly andC;.

Figure 9 Bipolar LNA incorporating transformer feedback

The intgrated transforméer; has tvo purposes. The gative feedback it empis

improves the linearity of the circuit. More importantlige transformer feedback tunes out the

Miller capacitor Gyq, which is the main reason non-cascoded common-source MOS stages are so

unattractve. The normally present feedback path through this capacitor causes poor isolation
from the output to the input. This lack ofeese isolation causes instability in theAldnd
makes input and output matchingteemely dificult (because theare then intedependent).

Other forms of feedback which attempt to accomplish this eithggliaincrease the noise
figure (feedback resistor fronatg to drain) or must be accomplishefiabfip with high quality
components (inductor and capacitor froategto drain). This interesting method of transformer

feedback permits the design of fully-igtatable, stable anateemely lav-voltage CMOS LMs.
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VIl. CONCLUSION

This paper presented a comparison of recent CMOS afghitectures in terms of noise

figure and linearity A brief overview of noise figure and linearity (IP3)as presented tog the

reader some background into typicalAderfomance measures. A typical RF reeearchitec-

ture was presented and IA\specifications were related toevall recever specifications. Recent

CMOS LNA performance comparisons were made and a traditionaldrshitecture \as

reviewed. Wwo of the highest performance CMOS As8lto date in terms of noise figure and lin-

earity were reiewed. Finally a predicted CMOS architecture based onxaremely lav-voltage

bipolar architecture as presented.
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