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Common-Source LNA: Noise

Sebastian Magierowski

Abstract— A brief discussion of the suitability of the common- this value is2/3 reflecting the tapered shape of the saturated
source 0.18xm NMOS LNA for the 200-MHz 4.7-T MRl receiver  FET’s channel (this is the same reason that we often express
under consideration from a noise performance perspective. Cys  2C,/3). For over two-decades now, the rapid scaling

of MOS technology into the sub-micron regime has inspired
l. INTRODUCTION res_earches to re-visit time_—and-again the valugyoﬂn [4]
) ) , Abidi reported values ranging from 1.6 to 8. Likely he was

In an earlier technical note [1] we discussed the gajmning a number of effects into the term (he used rather
characteristics of the common-source (CS) cascode LNA b%bh bias voltages). The work of Scholtenal. [5] is a highly
out of a 0.18xm CMOS technology for a 200-MHz MRI \oq514ed contribution to the work. Thereinyalues between
receiver. In .thIS technical note we continue our .|nvest|gat|c§73 and unity were reported for 0.18n CMOS transistors.
of this circuit, but now focus on the *n"-word: noise. It seems that in general, the long channel theory still holds

for short-channel devices at reasonable biasing and deviations
[I. NOISE BACKGROUND from this value may be attributable to extrinsic components

The expression for the noise factor of a CS LNA (assuméguch as MOSFET source resistances) [6]. Thus, in this note
cascode SOng can be ignored) is [2] (note: the sameve will follow classical Iong—channel dictates and assume that
expression can be used for the common-gate LNA) v =2/3.

Similarly, we will retaind = 4/3, another result which

22

Fopn=1+ 0w Cgy follows from classical long-channel approximations. Is another
59mGs weighting factor dependent on the shape of the MOSFET
+ 7G [(gg 4 GS)Q + (WCys + BS)Q] channel. A nice, tapered channel like the one we observe in

agmbs saturation of long-channel devices results in the 4/3 value.

0y wClys i

+ 2] 07 why (WC,ys + By). ) At last, the parameter denotes the. correlation .betwgen

5 gmGs the channel thermal noise caused by irregular motions in the

The variablesq, w, Cys, gm, and g, have already been channgl and the chann_el-induced gate noise cagsed by _the
discussed in [1]. The term&, and B, are simply the S@Me irregular motions in the channel. _Onge again, we will
conductance and susceptance of the parallel equivalent sodRSMt to the long-channel results whicheis= 50.395.
impedance seen by the LNA. In [1] we started the whole
analysis from the assumption that our source consists of a 1,7-
Q resistance in series with a 56-nH inductance. The parali%1
equivalent of this circuit at 200-MHz is shown in Fig. 1. How is the equation foF-g shown above derived? In a

simple but tedious manner. Any of a humber of references go

into suitable detail on this [2], [3], but, in a nutshell, all we

have to do is find the current at the output due to the driving

source,i sr., as well as all noise sources associated with the
291 kQ 56 nH transistor,i, ., and calculate the following

F derivation

_ Vallioser + iofer]
Var[ioscr}

)

Fig. 1. Parallel equivalent input impedance of our assumed input coil \'ﬁhere “

200 MHz. var” denotes the variance operation. Assuming that the

source noise is not at all correlated with the device noise we
The remaining termsy, 4, and ¢ pertain to the noise have
behaviour of the LNA’s transistor. We will not labor on the Fe14+ Var[iofet]. 3)
details of these parameters, they are adequately discussed varfioser]

in [3]. However, given the prodigious amount of ink spilled , ) o ,
on discussions of these parameters it seems only sensible tgauation (1) was derived in this way for a CS LNA with the

explore them a little. small-signal model illustrated in [2] (Fig. 6.9, pg. 147). For
~ keeps track of the thermal noise associated with iitie sake of completeness however, we would like to find an

MOSFET's channel. For long-channel devices in saturatiGiPression forf” that is in-line with a more accurate (small-
signal) model of the transistor. This model was discussed in [1]

Many thanks to the friends of FishLab and is shown again in Fig. 2 for convenience.



FISHLAB TECHNICAL NOTE: JULY 23, 2007

Ry

\ (;s Jg T Cygs @mv gs
5

Fig. 2. Small-signal circuit equivalent of cascode CS LNA.
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Fig. 3. Small-signal circuit equivalent of cascode CS LNA with noise sources.

Fig. 4. Small-signal circuit withR, absorbed.

B. Induced Gate Noise

To find 2, we must first find how much induced gate noise
current appears back at the drain output. Elementary circuit
theory guides us here. Consider the circuit in Fig. 4. This is
equivalent to the model in Fig. 2, but with the source resistance
absorbed iry/, and Z,,». Specifically,

2 dm
= ————— 7
I =15 g R, )
1. N OISE FOREGROUND and 1
In deriving an expression for the noise factor for the Zinz = 3— = Rs + Zin1 (1 + gmRs) (8)
amplifier model of Fig. 2 we must consider five noise sources in2
(all thermal in nature) in total: where ) 1
1) is.. the current noise of the driving source (i.e. the pick- Zin1 = 9)

up coil).
2) i4 the current noise of the channel.

Y;711 B g +jwc’gs .
A little KCL (on the circuit shown in Fig. 3 with all noise

3) i4, the channel current noise that's induced in the gas®urces but;, removed) shows that

of the transistor.

Zin2 (Rq + Zsrc)g;nidg

4) 1,4 the current noise of the polysilicon gate resistance. lodg = 7 "+ (10)
5) is the current noise of the source resistance. in2 T 8 + Zsre
Fig. 3 is a sketch of the CS LNA along with the intrinsicA bit more tidying up gives
noise sources (i.€,. is not included in the sketch). gl ia
In deriving Eq. (1) only the first three noise terms were lodg = 1m—jL~ (11)
used. Also, as seen in Eq. (3) to calculate the noise factor we Ro+Zsre  Zinz
must find the current contributed at the output of the device l]:_l)éﬁning
each of the noise sources. That is, our noise factor calculation Voo _ 1 12
actually comprises 2T Ry + Zare (12)
val Z.Od + iod + Z.07‘ + Z.OS
Fyue = 1 + il var[g' ] g ] (4) we reach o i
Yoscr iodg = 4)/_ L ;7/ . (13)
where the “0” has been added to the subscript labels to sre2 T Yin2
denote that the output current noise contributions are beiRinally,
considered. Perhaps a more familiar expression of the above ()
S N gy, )<
equation is 2 m/_dg 14
02 4d2 4 q2 g2 G odg (Re{Yire2 + Yina})? + (IM{Yrc2 + Yino})? 4
[ ol Lorg T los T Lodgls, 1pgotod
Fypupe = 1 4 24— 0dg L — 9od odg where
? STC T —
osT (5) ng = 4kT(Sgg (15)

Let us find expressions for each of these terms.

A. Drain Noise

C. Resistive Gate Noise
We can resort to the same model as in Fig. 4 when looking

The output drain current noise density is simple (for corio calculatei2. . Another helping of KCL (on the circuit
ciseness we will ignore thé f term typically included with shown in Fig. 3 with all noise sources but, removed)

these expressions).

24 = 4kTYgdo- (6)

produces
i _ Zin2Rgg;nirg
o Zin2 + Rg - Zsrc

(16)
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Rearranging gets us to

. G
lorg = 77 1m ! 1 Zoo? (17)
Zin2 R, Rim
which can be compressed to
: Imirg
Torg = 18
g )/inQ + Gg(l KnZ/Y;m) ( )
whereG, = 1/R,,. Finally,
T _ (9m)%%,
org in2 2 G sz
(Re{Yin2 + Gy (1 — 5222)})? + (Im{Yino — 52 })2
(19)
where o
iz, = 4kTG,. (20)

D. MOSFET Source Resistance Noise

Ry

N~
Ysrc m @ig’c Vgs mzmz @}ans
L

Fig. 5. Small-signal CS LNA circuit with source noise.

2.826 kQ 712.9 nH

Fig. 6. Parallel equivalenRL circuit model for the source impedance
required for optimum noise match to a CS cascode LNA With;; =
840 pm andV,, = 250 mV operating at 200 MHz.

Working with the small-signal model first presented and

shown in Fig. 3 (with all noise sources bijf removed) we

can show that

. RsZinlgmis
los = . (2 )
Rg + Rs + Zlnl(l + ngs) + Zsrc
Rearranging we arrive at
. ng’mis
os — . 22
' (Zsre + Zin)/ Zina (22)
where, as shown in [1],
Zin = Ry + Zina. (23)
Finally, we have
Z-T . ng222
o8 (Re{Zsrc + Zin)/Zinl} (Im{Zsrc + Zzn)/Zan%)
(24)
where -
12 = 4kTGy (25)
in which G5 = 1/R;.
E. MOSFET Cross-Correlation Noise
Now, referring to Eq. (13) we have fayq,i’,
——— _ Ymldglyg
. = . 26
! dgl(;d Y;'T'CQ + }/inQ ( )
From [2]
ldglhy = (ifigiod) = c\/ldgly, X lodipg = = jlcfy/tagt g X lodling
(27)
therefore -
g':njlc| Zgg ng
odglt ;= —————. 28
‘ ngOd Ysrc2 + }/inQ ( )
Similarly,
* e = 29
ZOng ¢ (Y;TCQ + }/an)* ( )
which is _
_ gmilel Zd 42)(1
i5aglod = J (30)

(}/src2 + sznQ) .

F. Source Noise

Referring to Fig. 5, the output noise current due to the
source is

. g' Tsre 91/ Lsre
osrc — UL == . 31
! Y;n2 + szrc“- + Y—inZRg) Y;;den ( )
Hence,
(9m)* e
) — m) Ysrc 32
fosre (Re{sten}) (Im{sten})2 ( )

IV. DESIGN CONSIDERATIONS
A. Feeling out the Design Space

According to Yee [2] the source conductance and suscep-
tance needed to minimize the noise figure in the CS LNA are

a?§(1 — |c[?)w? O3
Gopt = 57 (33)
and
)
Bopt = —wCys |1+ ac]| a . (34)

For a device with and effective width d¥.;; = 840 ym
and V,,, = 250 mV the optimal (parallel equivalent) source
impedance predicted is as shown in Fig. 6

With such a noise source, the noise figure as predicted by

7+ the simplified Eqg. 1 is as shown in Fig. 6. In the plot the terms

Rsrc and L., refer to the series equivaleRtL representation

of the source feeding the circuit. AV,;r = 840 um and
Von = 250 mV the predicted noise figure is 0.01165 dB.
Repeating the calculation but this time using Eqg. (5) results
in the NF plotted in Fig. 8. This calculation predicts a noise
figure of 0.02131 dB foiV, ;s = 840 pm andV,,, = 250 mV.

Clearly, we can attain extremely good noise behaviour when
the optimal source impedance is used. What happens when we
consider different source impedances? What values should we
consider? If a good gain is one over our objectives, we should
consider the noise performance as the parallel equivalent
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Fig. 7. The NF as calculated using Eq. (1) when the generator source

impedance is set to the value shown in Fig. 6. Fig. 9. NF comparison for sources with different parallel equivalent source
resistancesRsrc,p (see legend) and inductanég,.. , = 712.9 nH.

Still, the degradation iV F' is fairly tolerable and the width

s w5 dependence is a minor penalty, we simply set the design to
. WESpme

the optimal width. Table | summarizes the achievable noise
0.2 Nd performance around the troughs of the results shown in Fig. 9
iy R, =25805830  (a Weypr = 840 pm is selected) at various values of,,.
= 0.15 Pl
g ... L_=647:801nH
g [ TABLE |
L 01 NOISE FIGURE FROMFIG. 9 AT W, ¢ = 840 pm AND
Lsre,p = 712.9 nH
0.05 ’
Rsrc,p Von NF
00 : 01 k2] | [mV] | [dB]
800 100 0.2 100 | 0.072
W, [um] 1200 Tga : Vo, VI 150 | 0.056
: 10 | 200 | 0.049
250 | 0.045
100 | 0.333
Fig. 8. The NF as calculated using Eq. (5) when the generator source 150 | 0.261
impedance is set to the value shown in Fig. 6. 50 200 | 0.227
250 | 0.209
100 | 0.641
: e : 150 | 0.506
source resistance,,. , is increased. Recall from Fig. 6 that 100 | 200 | 0.242
an optimal source appears wifky,.. , = 2826 (2. 250 | 0.407

Now, if we were to use a matching network to convert our
actual source impedance (series-equivalent. = 1.7 Q) into Now, what about changes ih,,. ,? The chances in noise
the optimal source impedance for noise performance we wotfigure as L., takes on values of 500, 700, and 900 nH

be sacrificing about (while R, = 100 k) are shown in Fig. 10. Now, three
0.37 % 106 main characteristics are observable. One, as with increases in
101og (2826><103> =22dB (35) Rserp, increasingLs,., makes theN F more dependent on

device width. Two, the best achievaléF' clearly improves

of gain. Rather than getting roughly 35-dB of (transcondues L., is increased. Three, the devit&,;; at which the
tive) gain, we are down to about 13 dB. This is not awfubptimal NF' is realized decreases &s,., increases.

but we can probably do better with just a marginal sacrifice Table Il summarizes the achievable noise performance
in noise performance. around the troughs of the results shown in Fig. 10 at various

So, how bad does the noise performance get when walues ofV,,.

increaseR;,. ,. A comparison is shown in Fig. 9 for values of So, we see that at least up to 900 nH, increasing the effective
10 k2, 50 k2, and 100 K. Two things are obvious, one, theinductance (i.e. transformed by some matching network) is
NF gets worse and two, it becomes more strongly dependentremendous advantage, that not only improves the noise
on the device width. performance but decreases the device width at which the
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: . . . Fig. 11. The NF for a CS LNA driven by a source whose parallel equivalent
Fig. 10. NF comparison for sources with different parallel equivalent sourggsistance iSRerep = 100 kQ and whose parallel equivalent inductance,
inductancesLsrc,p (see legend) and resistan&&,c,, = 100 k2. Lsrc,p is set to resonate out with the capacitive input impedance of the

amplifier.
TABLE I

NOISE FIGURE FROMFIG. 10AT Rsye,p = 100 k2

Ls'rc,p Von Weff NF

(MH] | [mV] | [pm] | [dB]
100 1240 | 1.06
150 1240 | 0.88
500 | 200 1240 | 0.80
250 1240 | 0.77

100 880 0.67
150 880 0.52
700 | 200 880 0.45
250 880 0.42

100 720 0.53
150 720 0.39
900 | 200 720 0.32
250 720 0.28

2 TR0 W um
V] . " 400 on (UM

performance is achieved. This latter point means that we 0.3

consume less power (because for a givép, a device with

Sma”er Wery draW_S less current) .fOI’ a given no!se flgurje:ig. 12. The gain for a CS LNA driven by a source with series equivalent
with a larger effective (parallel equivalent) source inductange,. — 1.7 Q, L.,. = 56 nH which is transformed into a source with
Ly P Rsre,p = 100 k2 and an imaginary component which resonates out with the

This is rather good. In a previous technical note [1] wig'aginary component of the LNA input impedance at 200 MHz.
found that our matching network should convert our source to
Rgpep = 0.37T MQ and L., = 871 nH for optimum gain. ) o ) )

So, finally, we ask what if our matching network convertehich a noise figure of 0.5 dB is realized. These are extremely
our given sourceR,,. = 1.7 ©, L,,. = 56 nH) into a source encouraging results. The cross section of the red and blue lines
with R, = 100 k2 and L., set such that it resonates oufccurs at approximately,, = 140 mV and W = 800 pm
the capacitive reactance seen looking into the LNA (at 208t this point out gain is 30 dB an¥ " is 0.5 dB, but we can
MHz). The results are shown in Fig. 11 where the black lirf@® much better. For instance, &, = 200 mV andWe; =
denotesV,,, and W, ;; combinations at which a noise figure>60 xm we maintain our 30-dB gain, but drop the noise figure
of 0.5 dB is realized. to 0.26 dB. There is a fair amount of room for optimization

The results are very encouraging, with a very broad desi§fre- . _ .
space capable of giving us noise figures of less than 0.5 dBFor the record, the matching network used to realize this is
And because we are working with a®;.,.,, of 100 k2 and the same one discussed in [1]. It is shown again in Fig. 13 for
imaginary impedance components that resonate out (at 200nvenience. As discussed before [1] the component values
MHz) we can expect a gain degradation of only about 6 dgor this matching network are not unreasonable although the

The gain results are shown in Fig. 12 where the black lineductor will have to be implemented off-chip.
denotes a 30-dB gain and the red line denotes the gains athe thoughtful student should approximate the losses to be
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Cun

source % Lyz amplifier

Fig. 13. Gain matching network B (GMB).

encountered in such a matching network and double check all
the results presented in this technical note.
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