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Abstract. In this paper a common-gate LNA is presented, 2 LNA architecture

which is used in a low-power IEEE 802.15.4 receiver with

severer requirements on the current consumption. The LNAThere are two basic topologies for LNAde, 2004 Razavj

is designed in a 0.26m CMOS technology and consumes 1998, either common-source (CS) or common-gate (CG)

only 831 pA. The LNA achieves a voltage gain of 12.89dB, configurations. The CS-LNA, depicted in Fig(a) pro-
a NF of 4.86 dB, and an IIP3 of -6.0 dBm. vides the 5@ input impedanceZ;,, by inductive degener-

ation. The input impedance are tuned to the desired carrier
frequencyfp and can be determined as

8m 'lm
. Zin =
1 Introduction Cogs
where fr is the transit frequency,; the source inductog,,

There are a variety of wireless communication systemsthe transconductance ady, the gate source capacitance of
which can be distinguished in terms of their system featuresthe MOSFET. The inductor at the drain terminal resonates
The new IEEE 802.15.4 standard - ZigB&&q) is intended  with the parasitic capacitances of the MOSFET and the in-
for communication systems with low data rates, allowing re-ductor itself and the input capacitor of the following circuit
duced protocols and short duty cycles. Therefore, it is espe¢mixer) at the desired carrier frequengy. The resulting
cially qualified for wireless senor networks. In comparison equivalent resistancBp of the resonance circuit can be de-
to other systems like UMTS, GSM or GPS, ZigBee has atermined for this frequency. Hence, the voltage gaincan
smaller RF-bandwidth and is intended for a communicationbe expressed as
range up to 100 m. In contrast, other systems have a higher
RF-bandwidth and a communication range of a few kilome-Gy =
ters up to a distance from satellite to earth.

The system requirements in terms of linearity (3rd order WhereR is the source impedance (normally G Since /7
intercept point - 1IP3) and noise (noise figure - NF) must |s'proport|.onal to the b|a§ current, a decrease in bias current
be determined. According to the complexity of a wireless Will resultin a decrease in gain. To tune thg, to 50 L;
system, this should be done by a proper system simulatiofnust be adjusted. _ _ _
(Stiicke et al, 2009. Based on the system simulation, it .In contrast, the voltage gain of the CG-LNA (depicted in
can be shown that the linearity and noise figure require-F19- 1(b) becomes
ments are much lower than for other communications sys-
tems. For these relaxed requirements, a battery lifetime offv = = 8ms - Rp ©)
up to two years becomes feasible for a IEEE 802.15.4 re- . . . .
ceiver, whereas for GSM or UMTS it is difficult to achieve and the inputimpedance is approximately equal to

:a)T'LSZZT['fT'LSa (1)
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larger battery lifetime than one week. 1
Zin ~ ’ (4)
ng
Correspondence torl. Stiicke whereg,,; denotes the drain-source transconductance of the
(thomas.stuecke@ims.fraunhofer.de) MOSFET as proposed iBnz et al(1995. A decrease in bias
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Fig. 1. Principle LNA architecturesfa) common-source LNA and
(b) common-gate LNA.

current also results in a decreasedn, but in an increase Fig. 2. Normalized transconductance to drain current ratio.
in the Z;,. Therefore, an appropriate bias current must be
chosen.

As defined inShaeffer and Le€1997), the noise factor
Fcg of the CS-LNA can be calculated from

1
FCS%].—FZ-

1995 as weak, moderate and strong inversion. The mode
of operation can be expressed in terms of the inversion co-
efficienti ; which is the ratio of drain currerip to specific

(5) current/s in saturation. Forf s < 0.1 the MOSFET operates
o Qin in weak inversion, for  <i; <10 in moderate inversion
wherey is the drain noise factor of the MOSFET andg g and fori s > 10 in strong inversion as shown in F@.
describe the portion of the induced gate noise. The other The ratio of source transconductangg to drain current

o
Wes - —,
T

terms areQ;, = 1/woCgs Ry anda = g,, / ga0, With g0 is the
zero-bias drain conductance.

In contrast, the noise factor of the CG-LNA can be deter-
mined as Ehaeffer and Leel997)

FCG%1+£. (6)

The noise figure of the CS-LNA is bias-dependent, since

it is a function of the bias-dependefit as shown by EqX5).
According Eg. 6), the noise figure of the CG-LNA is bias

Ip is called tranconductance efficiency. In weak inversion
this ratio is as large as for bipolar devices, whereas itis low in
strong inversion. The transition between both is in the mod-
erate inversion and is described by the normalized transcon-
ductance to drain current ratio (depicted in Ryin accor-
dance tdEnz and Chen¢2000

2
Gl =T a1 )

independent in a first order approximation. Thus, the noise Mo\/ing the Operating point from strong inversion to mod-

factor (Fcs) of the CS-LNA is a linear function of the ratio
fo/ fr, while it is constant with respect to it for the CG-LNA
(Allstot et al, 2004. For large values of this ratio, the CG-
LNA outperforms the CS-LNA in terms of the noise figure.
However, for low bias currents, thg becomes low and,
hence, the ratiofp/ fr becomes large. Therefore, the CG-
LNA is more suitable for relaxed noise figure requirements

but tough demands for low current consumption. But in prac-

tice the behavior is more complicated.

3 Operating point of the CG-LNA
3.1 Operation of the MOSFET in moderate inversion

The different modes of operation of the MOSFET in satura-
tion can be defined according to the EKV-modgehg et al,
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erate inversion has the advantages of higher tranconductance
efficiency and lower electrical fields inside the MOSFET
(Enz and Cheng2000. Due to this, no velocity saturation
effect as well as no hot electron effects arises and, hence,
lower excess noise is obtained. The disadvantage is the
higher nonlinearity due to the exponential behavior of drain
current in weak inversion.

3.2 Selection of the operating point and biasing

As discussed in Sec3.1it is advantageous to bias the LNA
in moderate inversion. Furthermore, the input impedance of
the CG-LNA must be equal to 50 and can be calculated
from

1

=—— 8
8ms +5Cgs ( )

in
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Fig. 3. Transconductance efficiency. over 2/3. Furthermorey exhibits a bias dependence. Var-

ious theories about this excess noise in short channel MOS-
FETSs exists. Unfortunately, most of them are not dedicated
to the moderate inversion region or still unsuitable for hand

calculations.

The imaginary part{C,;) of the denominator must be suf-
ficiently low compared to the real pat,{;). Consequently,

gms ~ 20 mS must be chosen in a first order approximation. Klein (1998 proposed a model for the thermal noise,

N_ote, that n practical desig Sms deviates from _20 mS, which accounts for velocity saturation and hot carrier effects.
since bondwire and pad parasitics cause a small |mpedancﬁ.e model was originally developed for a MOSFET biased
change. o . . ) in strong inversion and extended Byz and Cheng2000,

A circuit simulation can determine the most suitable tran- .o er the whole region from weak to strong inversion. The

sistor size. Fig3 depicts the cadence simulation result of a noise parametey for a long channel MOSFET in saturation
MOSFET with W =600 um andL =0.25um. A bias cur- can be expressed as

rent of 831 pA allows a transconductance of 20.4mS. Fur-

thermore, this operating point is located in the moderate in- 2 1— /&7, %1
version region. Vsai—long = 3 - (1—|— S—f) . 9)
The schematic of the CG-LNA is shown in Fig. The 'lf

inductor at the drain of the LNA-MOSFET M1 resonates
with the input capacitor of the following circuit (mixer) at

the desired carrier frequency. The bias current is supplieq%
via the current mirror, composed of the MOSFETs M2 and
M3. Since the MOSFET M2 should emulate an ideal cur-
rent source (compare Fig(b)), its output resistance should

as large as possible. To fulfill this requirement, the chan-

It depends on the inversion coefficient and converges to

/2 for low values ofi ; in weak inversion region and con-
erges to 23 for large values of ¢ in strong inversion. The
transition between both occurs in the moderate inversion and
is presented in the upper curve of Fig. The short channel

y can be calculated from

nel length of the current mirror is chosen much larger than 1 0. .1
the minimum channel length, since the output resistance deysas (i ) = Vsar—iong - (1+ .2 r) , (10)
creases dramatically for short channel MOSFETS. Gliy) Lesy
whereL,rr denote the effective channel length,; the sat-
4 Noise of the CG-LNA uration velocity andr, the relaxation time. The resulting
curve is depicted in the lower curve of Fig.with the typ-
4.1 Noise in moderate inversion ical valuesds, ~10°ms (Leg 2004 andr, ~ 1ps Enz

and Cheng2000 andL.rr =0.25 um. From this figure the
The drain noise factoy of long channel MOSFETSs in sat- dramatical increase in strong inversion can be seen as well
uration was calculated byan der Ziel(1970 to y =2/3. as convergence tp = 0.7 in weak inversion. In the middle
Several measurements of short channel MOSFETSs were pulsf moderate inversion only a low increasete= 0.93 can be
lished by various authors, e fbidi (1986; Knoblingeretal. = observed. This indicates the advantage of biasing the MOS-
(2000; Scholten et al(2003, which show an increase of FET in moderate inversion.
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er T ‘ calculation.
! = The resulting noise factor is provided by E@6) and can
o7 10" 10° 10 10° be calculated with the equivalent circuit Figand with the

Inversion Coefficient i;

Egs. (11) — (15). Since the sum in Eql6) is contributed by
the LNA-MOSFET itself and by the load, it can be rewritten

Fig. 5. Drain noise factor in dependence of inversion coefficient. as Eq. 17).

Feg=1+y 1+ — | Wee + -+ (16)
4.2 Noise figure calculation 8ms Ry ( Q:'2n> Rs |G3[?
Fce =1+ (Fmost — 1) + (Fioaa — 1) (7)

The noise figure can be calculated based on the equivalent 1 5 5
circuit depicted in Figh. The resonant circuit at the drain = Weg =1+ ——— [_ —2]c| - _} (18)
is tuned to the desired carrier frequengyas described in 07, +1 5 Sy
Sect.2. Therefore, only the resistak p which models the ) g2 . R2

. . . . . * ms p
tank losses in a parallel equivalent circuit is used in the fol- \GU] = 5 (19)
lowing noise calculation. |1+ gms Ry + 5Cygs Ry

It is very important to note that in Egs5)(and €), the The portion of the induced gate noise is described by

noise contribution from the loa@y is neglected. Thisis Eq. (18). Note, that it is different tolcs of the CS-LNA

a common way in the literature, but it is valid theoretically in E The expressioG* — m‘ in Eq. (19) denotes
only, if the load and thus the gain approaches infinity. Since a- ©) P v [ vo a. 49

the LNA needs a finite load impedance to achieve a voItagéh;3 gar:m ;Vétzh respect tor'][he_ VOlta%@’hWhL'f\:XSI located in-
gain, NF calculations must consider it. side the source at the input of the . In contrast to

The different noise sources are the thermal nois& pf tw:ocﬁlrgmontqﬁflnézzzg vgrl]tztir?sC?:r:r;s(ﬁ;,(tgrcompnses
and R;, the drain noise source and the induced gate noisé' inputimp in | : '

source which is partly correlated with the drain noise. Theb with nurPetrrllcaI valgez one tgetQti”h.% 6, g"flles kld
noise sources can be described 8ideffer and Leel997) ecause of the required input matchingcg ~1 an

%’: |G1|2 ~0.8. Note at first thatvcg ~ 1 shows clearly,
u%s =4kTR; - Af (11) that the induced gate noise has only a very little influence.
— 9 Secondly, note that the large contribution of the load has
g, = %TRp-Af (12) a dramatic influence to the whole noise figure as discussed

g = MkTygms - Af (13)  above. Theresultofthe n_oise calcu_latim_FtsG =249 with

: ) y =2/3andFcg =2.73 withy = 0.9 if an increasegt is as-
i2, =4kTdgg - (1 — |c| ) “Af (14)  sumed according to Seet.1
- If i itional noi .g.f h is-
i§,c — MTsg, - c2. Af | (15) we consider additional noise sources e.g. from the resis

tive part of the pad and bondwire or from the biasing circuit,

with g =wCys/5gms and c =—; 0.395 for long channel Eq. (17) can be rewritten as

MOSFET in saturationghaeffer and Lee2005. Feg =1+ (Fyost — 1) + (Fioua — 1)

The impact of distributed gate resistaritg (Razavi et al. +(F —1 (20)
1994 is reduced, since multifinger gates are used and con- others ’
tacted from both sides. Furthermom®; can be reduced by Unfortunately, the BSIM 3.3 model used in the simulation
using silicided polysilicon with low resistivity. Henc®g does not allow for the bias dependence of the noise. The
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Fig. 7. Simulation result: voltage gain of the CG-LNA. Fig. 8. Simulation result: input impedance of the CG-LNA.

Noise Figure Common-Gate LNA

circuit simulation is carried out with @ =2/3. The “real”
value can be estimated with

12
l
Foo =1+ 2L (Fyosr — Dlsimu \
VSimu 10
+ (Fload - 1) + (Fothers - 1) . (21)

This stems from the assumption that only the LNA-MOSFET

NF [dB]
[e-]

is affected by the highey value. Therefore, the simulation ¢ \
results can be corrected. e ° ‘\\
2 ~—1_
4 ———————
. . i
5 Simulation results
NF = 4.5093 dB
2
The circuit simulation is performed using Cadence and are f, = 868.3 MHz
based on the BSIM 3.3 MOSFET model. The pad parasitics  |[— NoiseFigure ‘
are modeled as well as the bondwire inductors and accountec 1 10°

Frequency - f[Hz]

for in the simulation.
The inductor was modeled by itsequivalent circuit with
ten elements as described liong. The parameter of the Fig. 9. Simulation result: noise figure of the CG-LNA.
inductor model can be determined either by separate EM-
simulation of the coil or by measurement of the inductor,
followed by a parameter fitting. bution of the other parts is included and can be determined
In Fig. 7, the simulation result of the gain of the CG-LNA as (Fothers— 1) =0.34. As discussed in Seat, the BSIM
is shown. At the carrier frequency (868.3 MHz) the linear 3.3 model used in these simulations does not allow for the
voltage gain amounts to 4.41 which is equivalent to 12.89 dBbias dependence ¢f. The expected "real” value can be esti-
on logarithmic scale. mated using Eq.21) and it amounts t&” = 3.07 equivalent
The simulated input impedancg;,, is shown in Fig.8. to a noise figure of 4.86 dB on logarithmic scale. According
The input impedance is close to &) since the input reflec-  to the system simulatiorsflicke et al. 2009, this suffices to
tion coefficientS1; is -15.56 dB. The remaining reflection meet the ZigBee requirements.
coefficient is due to the parasitic effects of the gate source The linearity of the LNA is determined in terms of the 11P3
capacitance, the bondwire and pads. as the intersection of the 3rd order intermodulation product
The simulation result of the noise figure is depicted in with the fundamental component. The IIP3 is evaluated at
Fig. 9. The circuit simulation evaluates a NF of 4.5 dB equiv- -6.0 dBm as depicted in Fid.0.
alent to a noise factor of 2.83. This value comprises the con- The simulation results of the CG-LNA biased in moderate
tribution from the load as described in Set The contri-  inversion are finally summarized in Talle
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6 Conclusions and outlook
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