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Abstract—A  fully  integrated 0.8-2.5GHz  low-power
ESD-protected low noise amplifier (LNA), designedn 90-nm
CMOS technology is presented. This 5.7mW LNA featws a 18dB
voltage gain across the band with a noise figure stter than 1.7dB.
The input return loss is below -10dB from 600MHz ta2.5GHz. A
resistive feedback current reuse common source inpustage
together with the ESD-protection circuit and the bamdwire
parasitics achieves wideband input impedance matafg without
employing large on-chip or off-chip inductors. The
ESD-protection circuit is co-designed as part of th LNA input
matching network to achieve 3kV HBM at the RF input pin
without sacrificing the LNA RF performance. The input nMOS
and pMOS transistor are sized to achieve 1.7dB NF ithin 4mA
bias current from 1V supply voltage. The output stge realizes the
single-to-differential conversion and provides 25Q single-ended
output impedance required by the following mixer sage. The
simulated maximum gain mismatch and phase mismatchetween
the differential outputs across the band are 0.5dBand 3°,
respectively.

Index Terms— multi-mode, multi-band, fully integration,

low-power, low noise amplifier, ESD, radio frequeng.

I. INTRODUCTION
Recent developments in wireless communication heaselted

multi-band with sufficient performance for eachrstard.

In this way, the LNA is more compact and flexib#hared by
multi-band. Notch filter can be further added ie tENA to reject
the out of band blockers. In this paper, the ideaideband LNA
is adopted. The list of standards for the multid&NA in this
work is shown in Table I.

Table 1 Frequency Bands

Wireless Standard Frequency Spectrum (MHz)
GSM 935 — 960, 1805-1880

UMTS 850/900/1700/1900/2100
DCS-1800 1805 -1880

DECT 1880 -1900

PCS-1900 1930 - 1990

WCDMA 2110 - 2170

WLAN (802.11b/g) 2400 - 2483

Bluetooth (802.11FH) | 2400 - 2483

With the decrease of the gate oxide thickness, CMBSiits
become more sensitive to stress from electrosthisicharge
(ESD). The LNA is one of the most critical buildibipcks in
RF front-end and is usually connected to the oatsidrid
through antenna or an off-chip antenna filter ametdéfore can
be exposed to ESD events. Incorporating sufficleael of

in many widely adopted wireless standards, withheac®n-chip ESD protection on a given circuit requiteat the

catering to different needs depending on their dates,

operating range, bandwidth requirement and cafreguency.
Therefore, the trend of the future wireless traiveredesign is an
integrated circuit that can work across multiplanstards, be
configurable and reuse maximum number of buildingcks

within the minimum power consumption and chip area.

One of the key building blocks for multi-band traewer is the
low noise amplifier (LNA). There are three waysingplement a
multi-band LNA. The simplest way is to use a sefararrow
band LNA for each standard, resulting in larger aiea, higher
cost and power [1]. The second alternative is ggtea switching

added ESD protection does not degrade the perfaenan
parameters of the circuit. Consequently, simultasgo

achieving the RF performance and ESD robustness in

state-of-the-art CMOS technologies is highly chadieg.
RF-ESD co-design method, which includes the ESDegtmn
circuitinto the LNA design space, is employedhiis tvork. The
parasitics of the ESD-protection circuits are abedras a part
of the LNA input matching networks. In this wayethNF and
the gain of the LNA are seldom altered by the E3Gtgxtion
circuit. Meanwhile, the required on-chip inductoalue for
input impedance matching is reduced to only 1nidilifating

band LNA, e.g.adopting a switched inductor [2] either at inputy, fully integration.

stage or at load, which are more compact and ss@twver, but
still occupy a larger chip area due to the add#lamductors and
forbid the concurrent operation of various standaltds desirable
to provide true multi-band transceiver where vasiowireless
standards can operate simultaneously to exterfdntdionalities
[3]. The third way to implement the multi-band LMAnN solve this
problem, i.e., a wideband LNA, which can operateoss

The paper is structured as follows. A brief revigiwvideband
LNA design consideration and the state-of-the-adelwand
LNA topologies are analyzed in Section Il. Then gpineposed
wideband LNA architecture, circuit design aspectsd
ESD-protection are discussed in Section Il. Sectitin
describes the LNA simulation results with ESD-pctitn. The
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conclusion is given in Section IV.

II. STATE-OF-THE-ARTWIDEBAND LNA TOPOLOGY

The wideband input impedance matching and the |evadioss
the band are two design challenges for wideband LAt
stage. Besides, the flat in-band gain is also veportant in
some applications. In this work, for multi-band cgg®n, the
flat gain is not critical, and therefore, only theut topology of
the wideband LNA is addressed here.

The conventional
degeneration is one of the most popular LNA top@sgsed in
narrow band LNA design in each of the band listed ablel
due to its merits of low NF, high gain, and higheese isolation
By sizing the input common-source (CS) transistat biasing
current, the simultaneous noise matching and inppedance
matching can be achieved theoretically. Howevemriter to
cover multi-band across 800MHz-2.5GHz, the requiedlity
factors (Q) of the degeneration inductor and theekiaductor

The resistive shunt feedback, shown in Fig.1(c) aehieve
wideband input impedance on the first order appnation,
which roughly equals to the feedback resistanceldi/by the
voltage gain of the input stage without feedbaldiowever, the
feedback resistor will add additional thermal ndizehe LNA
and easily raise the NF to above 3dB [9]. To rediise
contribution to NF, the value of the resistor shidug as large as
possible. Consequently, the gain of the CS stageldlincrease
to maintain the equivalent input impedance arou$d, feading

cascode LNA with inductive sourcd® high power consumption. An improved version bé t

resistive shunt feedback wideband LNA is proposeithé next
section which adopts the current reuse technigirectease the
voltage gain, lower the NF to 1.6dB, while consumninly
4mA biasing current at the input stage.

lll. LNA CIRCUIT DESIGN

The schematic of the proposed wideband LNA is shioviig.2.
The input stage is an nMOS-pMOS co-current CS gordition.

are too small to maintain the high gain and lowseoi pMOS devices are not favored in the RF circuitgiesiue to its
performance of the narrow band LNA. Moreover, thaduictor lower characteristic frequencyf;X and larger parasitics
required for impedance matching at this frequeranydds up to  compared to nMOS device of the same dimension. Mexyé
tens of nH [4] to resonate the capacitive parhefltNA input the proposed wideband LNA operating at 0.8-2.5Gte,
stage around 1GHz. Off-chip inductor is usuallyugidable to  speed of the pMOS transistor in the 90-nm CMOSneldgy is
achieve impedance matching at 1GHz in modern CMQ&ufficient. The large parasitic capacitance of pidOS is

technology.
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Fig.1 Wideband LNA topologies

-

RFin

As an alternative, common-gate LNA [5], resistigedback [6],
and reactive feedback [7] topologies are reportegrovide
wideband operation. The simplified schematics anthare
shown in Fig.1.

The common-gate (CG) LNA facilitate the widebangun
impedance matching determined by 1/gm. However gtia

and the NF performance of the CG stage are botheatbian its
common-source (CS) counterpart, especially its NF
constrained to about 3dB in modern CMOS technol&dy

Although some capacitive feedback CG topology jrted to
improve the NF, the minimum reported NF of the @@dlogy

is still around 3dB, which is too large to satishe GSM

specification [8].

The reactive feedback LNA in Fig.1 (b) achieves linsest

reported NF (2dB) in 3.1-10.6GHz band [7]. Howevr,
implement the required transformer in this topolagychip is

still impossible in the 0.8-2.5GHz band in moderM@S

technology, which limits this topology to the ciittaperating

above 3GHz.

desired here since it can be absorbed into thet imatching
network and reduces the required on-chip sourcervegtive
inductance to only 1nH and the base inductor to, 3vitich can
be realized by bondwire. Moreover, the pMOS CSestagized
to provide the same transconductance as the sig@S CS
stage and results in a doubled transconductartbe autput of
the input stage without increasing any bias curr€herefore,
the open loop gain of the LNA is doubled and ttséster in the
feedback path (frcan be doubled (Ikin this case) to reduce
its contribution to the LNA NF. The design detdiltbe input
stage, ESD co-design, and the output stage singidferential
conversion are described as follows.
Bias Circuit

Vout

Voue

Vbp ’
—T RC Triggered
Power Clamp

ESD Protection Circuit
Fig.2 ESD protected wideband LNA
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A. Input stage with ESD co-design

Since the LNA input pin connects to the gate ofahmeplifying
NnMOS and pMOS transistors, it is extremely sensitovESD.
The input of the LNA is facing two types of signalhe RF
signal should be maximally absorbed by the ampigydevice,
whereas the hazardous ESD-signal which should pedway
from the amplifying device. A separation of theg® tsignals
needs to be performed.

In this work, a dual diode network on input pin and
RC-triggered silicided power clamp consist of thetection
network (doted box in Fig.2) to provide the progé&charge
paths for all the potential discharge modes — whegecurrent
will enter and leave the circuit with both possiplglarities of S e PR i e PR N AR b0 8
the discharge. The P+/NW is designed aqug®Perimeter and

the N+/SX diodes 2Qdn perimeter to carry the current as high

2.5+

NF, in dB

Frequency, in GHz

as 2A (i.e., 2kV HBM) [10]. The 100fF parasitic emitance
originated from the diodes network can be absonbéle input
impedance matching network. The on-resistance eftio
diodes is only several ohms to provide fast dispbgath.

To achieve the 1.6dB NF at 1GHz, the length of ithput

Fig.4 LNA NF vs. R

B. Output stage design

The input RF voltage is amplified by the input stagith a
transconductance gain equals to the sum of

transistor is chosen as 026 instead of the minimum length transconductance of the two input MOS transistdree
0.1ym in 90-nm CMOS technology in order to reduce thgmplified RF current signal establishes a RF veltag the gate

contribution of the 1/f noise. The input nMOS and@S are

of M3 (in Fig.2) through resistor R1 and R2 whick ased as

sized as 125m/0.25um and 25Qm/0.25um with a 4mA bias the load of the input stage and meanwhile provideproper

current respectively as a result of the tradeofivben the

bias voltage for M3. The single ended input voltegsonverted

power consumption, gain, NF, and on-chip inductameeded to the differential output voltage and send toftilewing mixer
for impedance matching. The@Keedback resistor is added tostage from the drain and source of M3 respectiv@lye
achieve the wideband impedance matching acrodstie: The capacitor C2 (110fF) is added to reduce the maxirphase
relation of the Rand the S11 is shown in smith chart in Fig.3error between the two differential outputs withihe&ross the
The inductor Lb (about 3nH) is added to resonatectipacitive hole band. The load resistors R3 and R4 ar€2peoviding

part of the input impedance and can be implemehtethe
bondwire. The 100fF parasitic capacitance comimgnfithe
bondpad is also included in the simulation. TraosiM4 and
M5 provides the proper bias voltage for the inpansistors.
The shunt resistive negative feedback topologysis good for
linearity and the stability of the LNA.

L RF="500" 511
= Rf="2K":511

= Rf="1K":511
Rf="6K":511
1

+ RF="1.5K":511

Fig.3 LNA S, vs. R

about 16dB single ended voltage gain and the propgut
impedance for the mixer stage. The bias curreth®fsecond
stage is 1.5 mA as a tradeoff between the LNA gaid the
linearity.

IV. SIMULATION RESULTS

The proposed LNA circuit is designed in IBM 90-niMOS
technology and the key simulation results aretitated here.
The relation of the feedback resistqriith the LNA NF and
input matching is shown in Fig.3 and Fig.4. It tenseen that
good input matching in the concerned frequency kmeter a
small R, whereas the low NF requires a big Rhe 1K) is
finally used as a tradeoff.
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The resulted LNA S11 is below -10dB from 0.6MHz @Gz,
shown in Fig.5 and the NF is below 1.7dB acrosstmel with
a minimum value of 1.55dB at 2GHz (see Fig.5).

The voltage gain at the differential outputs arevs Fig.6, in
which the maximum gain difference is 0.5dB. Theggha
difference between the differential outputs is shanvFig.7,
with 3° maximum phase error.
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The IIP3 curve is plot in Fig.8 and the input reder1P3 is
about -10dBm at 1GHz. The LNA is unconditional &ah the
whole frequency band and the reverse isolatiorligvb-40dB
across the band.
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V. CONCLUSION

A fully integrated 5.7mW wideband LNA in 90-nm CMOS
technology is proposed. The nMOS-pMOS current reuse
topology together with the resistive shunt feedbaakuces the
number and the size of the on-chip inductor neefied
wideband impedance matching. The ESD protectiotuitiis

co-designed with the LNA and its parasitic is uaegbart of the
impedance matching network. The parasitics of thedlire

and the bondpad are absorbed in the input impedaatehing
to make the whole design compact and robust. Tinelated

NF is below 1.7dB across the band and the voltageaf each
differential output is about 16dB. The output staghieves
single-to-differential conversion and provides thierface for
the following mixer stage. The whole LNA only dra&smA

from a 1V power supply.
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