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AMSC Motivation m

 Numerous co-existing wireless standards
and wireless equipment

Wide Are

§ :wcnmg B eV %
Pager Networks ~  GSM cnm

GPRS 11 RTT




AMSC - Frequency Spectrum *‘T‘&

* Limited spectrum allotted to each user

* Possible large interferers from other
channels in-band and out of band
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AMSC Receiver Architecture AIlM
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Antenna receives the entire band of signals
Stringent requirements on the receiver front-end
BPF filters the out of band channels

LNA receives the entire in-band signals

In-band channel interference problems in LNA
— Blocking

— Intermodulation



AMSC Blocking pT\&

U1

y(t) = a X(t) + a, x* (t) + a,x° (t)

X(t) = A cosat + A, cosw,t
y(t) = (051 + gasAzszl cosat +......
— If 23<0  a large interferer results in signal

being “blocked” .
J Desired Interfe




AMSC Intermodulation AIlM

Interferers

A A Desired
/ Channel
LNA

IM3

X(t) = A cosamt + A, cos w,t
3 2 3 2
Yima(t) = Z%A& A, coS(2w, — w,) +Za3A2 A CcosRw, — )

* Third order intermodulation (IM3) components
corrupt the signal resulting in distortion



AMSC | inearity Measurement AIlM

* Third order Input Intercept Point (IIP3) is a

measure of circuit non-linearity

3
 Fundamental = A |IM3 = ZagA?’




IS Low Noise Amplifier A

* Low Noise Amplifier
— First amplifying block in a receiver
— High gain, Low Noise Figure

— Presents amplified signals (desired + IM3) to
mixer

* Highly linear LNA with high gain and low
NF required



AMSC Background pT\&

» Existing Linearization Techniques
— Optimum Biasing
— Negative Feedback
— Input Impedance Frequency Termination
— Feedforward Cancellation




Optimum Biasing

T

AMSC
 Current =
e |[IP3= 3

| — gmlvgs + gmzvgs + gm3V o

* g,,3=0 results in very hlgh IIP3
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AMSC - Optimum Biasing AT\&

* Drawbacks
— High |IP3 obtained over a narrow region
— Process variations degrade |IP3

— Limited voltage gain due to restricted input
transconductance (g,,,1)

— Poor NF



AMSC Negative Feedback AT\&

* Popular in baseband circuits to improve
linearity
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AMSC Negative Feedback AT\&

 Linearity improvement at the expense of
circuit gain

« Second order non-linearity effect on |IP3

* 0,,3<0, leads to further deterioration

* Feedback techniques not suitable at RF
frequencies



AMSC Negative Feedback AT\&

+ Inductor Lg acts as a feedback ~ Cascode LNA
network

* Provides best gain and noise
performance

« Poor linearity performance due o—
to second order non-linearity

feedback
0—1'0'0'0'\—'




AMSC ﬁT\&
Input Impedance Termination

* Feedback network is frequency dependent
» Different effect on different harmonics
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where
AS=(S,—S,)<<S, S,=]2xf,, s, = ]2xf,

A(S)= &  Z(8) =Z,(8)+ Z.(5)
SC . Z(S)+57:9,Z2(S)+ 9, Z(S)ﬂ +1+9,2Z.(5)
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AMSC ﬁT\&
Input Impedance Termination

* The input and output impedances selectively
tuned for second harmonic frequencies

* Requires huge passive elements




AMSC Feedforward pT\&

* Scaled versions of the input signal are fed
to two different amplifiers

N Amplifier N
f (A) ’ Ymain(t)
X(t) + v
5 O
. Pre-scalar | | Amplifier | l . Yaux(t)
4 (B) 7 (A) 7 B; rg

o () = AXLt X2, Y (t) = A-ﬂ-X-(1+azﬂ2X2)*%

Y(t) = Yinain (1) = Yo (1)

= A(l—izj.x
p



AMSC Feedforward-1 AT\&

* Drawbacks
— Linearity improvement at the expense of gain

— Reduced NF due to additional active
components

— Mismatch and errors in signal scaling leads to
reduced improvement

» Derivative Superposition (DS) method
addresses the above problems



AMSC berivative Superposition (DS) MethodAiiM

DS method also addresses the problem of
narrow range with optimum biasing technique.

* g,,3 Negative in strong inversion and positive in
weak inversion

o0— Zs
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AMSC DS-Method pT\&

* Wide range of bias values with very small g,
and hence |IP3 improvement obtained

 Drawbacks

— Second order harmonics (2,20, to, t®, ) converted to
voltage at the source

— Control parameter V¢ has both fundamental and
second harmonics

p— 2957,/3

E=0n3— 1 C
+ +2jaC . +Z.(2w)—>
gml ZJC()L J gs s( 0))
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AMSC Modified DS-Method  A]m

 Addresses the effect of second order non-
linearity feedback

« Magnitude and phase of second order non-
linearity contribution to IM3 is tuned to cancel
the third order non-linearity contribution to IM3
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IS Modified DS-Method &

4912Aa)2[L1(CA + CB)+ LZCA]

P, = K

, Where

&= gan(S)‘n(s)‘z 1+

j2o(L, + L,) 9,4
n(s) =1+ jol,0;,



AMSC Drawbacks AIlM

 \WWeak inversion transistor connected in
parallel degrades NF

i2, = 4KTAT

®°Cg Q40 = I Dsat/¢t

9040

 Auxiliary transistor loads the input
affecting the frequency of operation

 Auxiliary transistor affects both linearity
and input match leading to increased
design steps

i2 = 4KTAfS



AMSC ﬁT\&

Proposed Solution



AMSC Basic Idea AIlM

* An auxiliary circuit is unavoidable to achieve high
linearity

* |IM3 components in the drain current of the main
transistor has the required information of its non-
linearity

 Auxiliary circuit is used to tune the magnitude
and phase of IM3 components

« Addition of main and auxiliary transistor currents
results in negligible IM3 components at output



AMSC Basic Idea AIlM

Im,

JdsB O

(Magnitude and
angle tuned)

dia  O2a Re <¢> 0_| l




AMSC Proposed LNA pT\&




AMSC Theoretical Analysis AT\&

 [IP3 derived using the harmonic input method of
Volterra series analysis

Ix Iout

Zs T ( ® Vout
Ca a ¢ ia
Vx

<+

c 2 3
Ia — glava + g2ava + g3ava
s 3
I, = O3 Vy

iout — ia + ib — C1(31)*Vx +C2 (51’ Sz)*vi +C3(51’ 52133)*\/)?



AMSC Theoretical Analysis AT\&

11P3 = 1 : {gla}
6Re(Z,())|A ) L ¢

2 2
where, £ = g,, 22+ g, n(s)|n(s)[ ZiE 2LBCB
la 2(1+s°L;Cy)
(6) = SEa(0 +5C,)
1+sC;(sL, +sLg)

* The effect of second order non-linearity can be
seen in the above equation

* The value of g, can be tuned to obtain high IIP3 by
choosing appropriate values for the inductors L, and
L; and the aspect ratios of the transistors.



AMSC Theoretical Analysis m

 MATLAB plots for different values of L, and Ly is

plotted
* The result corroborates the idea of IIP3 improvement

by cancellation of IM3 components

lIP3 variation with varying inductances

-
-
-
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IP3 (dBm)
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AMSC  |IP3 Sensitivity AT\&

Variation with La Variation with Lb

m)
m)

| S

Main Transistor Inductor (nH) Aux Transistor Inductor (nH)
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AMSC Effect on Input Match AT\&

« If |s°L,Cq|<<1, the input impedance can be
simplified to that of a cascode LNA

L
Z. =slg +L+SLA—|— J1a »
S A CA

* The input matching is unaffected by the
auxiliary transistor



AMSC Effect on Input Match AT\&

» Effect on input match (S,,) with and
without auxiliary transistor




AMSC Effect on NF pT\&

« The gate noise current of the auxiliary transistor
gets added with the drain noise current of main
transistor and is attenuated by the gain of LNA




AMSC Effect on NF

T

Noise Figure Comparison

1: NF with uuxiliory transistor

nsis
=: NF without auxiliary transistor
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« 0.3dB degradation in NF observed

* Lossy inductor in the auxiliary branch
contributes to increased NF
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AMSC LNA Design PT\&

* Linear LNA was designed and fabricated in
TSMC 0.35um CMOS technology

* The inductors were designed using ASITIC and
a Q of 2.5 was obtained

 The LNA was designed to have maximum gain
at 900MHz

 The LNA fabricated was a stand alone LNA
terminated by the 50Q port impedance



AMSC Component Values AIlM

Component Value
M, 24 um/0.4 ym, m=16
M 24 um/0.4 uym, m=16
Mg 24 um/0.4 ym, m=36
o 30 nH
N 5 nH
. 1.05 nH
. 10 nH




AMSC Chip Photograph Alm
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AMSC Testing Strategy AT\&

* The gain obtained in LNA is less as it sees a
50Q) load impedance

« Gain can be improved by connecting a

r L F__:
‘g: o] ’V\/\,: —"
| | r | '
v I Cn 2 |
: z CJ,)gm in Z°| Zexr : § on:
| | |
'J—— = J—— : = | = :
:. _________ | !___l
. vV, V., , R+50
‘LNA Gain= “=*"—;



AMSC Advantages pT\&

* Increased gain results in larger signal
sSwings

* LNA subject to large signal swings is an
ideal test for linearity

 Linearity of LNA unaffected due to linear
resistive element



AMSC - Experimental Results AT\&

. R=0Q, S,,=-15.85 dB, S,,=4.4 dB, Gain= 4.4 dB

S., (Input Match) S,, (Power Gain)
28 Dec 2405 17: 06: 35 20 Dec 2005 17: d6: 22
514 Los iD dB/S AEF O d& 4:—14.703 d& .850 000 004 BHZ 521 Lo iC OB/ AEF O o8 1: 44400 0B .950 000 004 EHz
e -
PAm PRAm
MARKER| 1 MARKER]| 1
950.9000p4 MH=Z 960.0000p4 MHz
T
T
) v
=
A_o—'—'_'___—'_'_
—_— | | ———
— ——
START .00 000 Q00 OHz STOP 1900 OO0 00O GH=
START 900 00D 900 OHz STOP 1.000 QOO0 00O BHz




AMSC - Experimental Results AT\&

. R=750Q, S,.=-11.7 dB, S,,=1.5 dB, Gain= 9.5 dB

S (Input Match) S (POWGr Gain)
20 Dec 2005 17: d8: 35 20 Dec 2005 17: 08 22
514 Lac iC dB/ AEF O o8 1:—44.708 dE 950 000 004 BHz 524 Lac iC dB/ AEF O o8 1: 4.4400 a8 950 000 004 BHz
. .
PAm PAM
MARKER| 1 MARKER| 1
cor SE0.02000024 H=z cor SBE0.00024 H=z=
T T
K
[ [
[ B
I I
e ——— N ——
ST4AT Qo0 000 900 AHz ETOF 1.000 QD0 00O GH= START 900 00D 900 OHz STOP 1.000 QOO0 00O BHz
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[IP3 Test Setup
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AMSC [IP3 Measurement AIlM

@ Marker 2 711 REH 1 kHz RF At 30 dB
Ref Lvl -78.07 dBm VEH 1 kHz
0 dBm 950.00400B02 MHz ST 17.5 5 unit aBm
1]
v2

DDDDDDDDDDDDDDD

Pf o PIM3

1IP3(dBm) = P, +

where P, =Total Signal Input Power
P, =Total Signal Output Power

P = Total IM 3 tone Output Power

+ P,,=-10dBm, P=-13.2dBm °
P|M3= '7507dBm - 1

« [IP3 =+20.93 dBm

Date:



AMSC [IP3 Measurement AIiM
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AMSC - Experimental Results AT\&

+ R=100 Q, S,,=-10.7 dB, S,,=1.1 dB, Gain= 10.6 dB

S (Input Match) S (POWEI' Gain)
20 Dec 20200 16: B50: B8 20 Dec 20200 18: 6J: 289
s11  LOGE 10 dBS AEF O oA 1:—10. 708 d& O35 000 004 BHzZ s21 LOG 10 OBS AEF O OB 1: 1.1090 0B .8955 00 004 GHz
b b
PAM PAM
MARKER] 1 MARKER] 1
cor 9E5.000004 Hz cor 935 .000004 Hz
r t 1
Y
R R S
L | 1 |
STARAT Q00 000 900 OHz ETOFP 1.900 OO0 00O BH= START Q00 000 900 OHz STOP 1.000 000 0090 GH=




AMSC

[IP3 Measurement

T

Output Power per tone (dBm)
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AMSC Summary of Results AT\&

R (Q)|S,, (dB)|S,, (dB) LN(AdE?)ai” IP3 (dBm)
0 | 1585 | 4.4 4.4 20

75 | 117 | 15 9.5 20.9
100 | -10.7 | 1.1 10.6 21
150 | -95 | -0.5 11.5 20.5




AMSC De-embedding Results AT\&

— — — — — — — — — — — —
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LNA Output Port

« 6dB increment in gain when ‘R’ is changed from 0Q to 100Q and
hence on-chip load resistance can be computed to be 150Q

« Gain of LNA with Zext=« is 6dB more than gain with R=100Q
« Gain of LNA adding other losses is estimated to be 18.5dB

« The NF of the LNA after de-embedding the noise contribution of
termination resistors (R=100Q) and 50Q) port) is calculated to be

1.76dB
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AMSC - Comparison of Results AIiM

Work Technology (gﬁg) C(BdaBir; (Zlg) ((IjIBPr?]) (r:;j;\’/) FOM
This Work | 0.35pm CMOS | 095 | 185 | 1.76 | 21 22.5 793
JSSC'04 | 0.35pmCMOS | 0.9 10 | 28 | 15.6 21.1 19
ISSCC ‘01 | 0.35um CMOS | 0.9 25 | 2.8 18 45 3

MTT‘05 | 0.25pmCMOS | 0.9 155 | 165 | 22 24.2 503
ISCAS ‘04 | 0.25um CMOS | 0.9 146 | 1.8 | 105 5.4 117
ESSCC ‘05 O'Sﬁcr:\'ﬂgge 088 | 157 | 14 | 117 11.7 124
ISCAS ‘04 | 0.18um CMOS 3 65 | 1.9 15 8.9 29
ISSCC‘03 | 0.25umCMOS | 2.2 149 | 3 16.1 23.5 54




AMSC De-Embedding the NF of LNA AlM

Fig 1 shows the simplified small signal model of LNA. RL is the load
impedance of LNA presented by the LC resonant circuit at the
output, R is the external resistor connected to improve the gain and
50Q) is the resistance of the port.

OmLNA Vi IN

Fig 1: Small Signal Model



AMSC ﬁT\&

For numerical analysis a value of RL=150Q and
R=75Q are used below.

From Table 3 in the paper, the measured gain at
the point VLNA shown in Fig 1 is 10.5dB for
R=75Q and NF is 2.95dB. Hence

2
NF =1+ V”‘eas‘;red_i” _10"0 —1.972 (1)
VSOQ




AMSC  Noise Analysis at output: AllM

Vina UUT

ina” + 'RLCTD %RLM‘RL %

Fig 2: Noise Analysis

- 2 -
Fig 2 shows the model used for noise analysis. I na  @nd IRL
are the noise currents due to input transistor and the load resistance (R, ) respectively.

-2 -2
''na TIRL s reflected to the output port to generate VENA_out



AMSC ﬁT\&

The resistors R and 50Q) generate an output
noise voltage at the node "OUT’ given by

1( R+R,_ Y 50 )
V24 =4KT| = L__| 50°+R
S0\ R+R, +50 R+R_+50

2
:4KT*50( R¥R, J 4170
R+R.+50) (R+R, +50)>

= 4KT *50*(0.72)

(2)

The output noise measured at the node ‘OUT’ is the sum of noise contributed
by the LNA and the output resistive network formed by R and 50Q and is given
as follows.



AMSC Allm

2
50
Vn%easured—out :VLZNA_out * R +50 +Va2dd (3)

2

>0 +4KT *50*0.72 (from (2))

2
:VLNA_out * R +50

The overall gain of LNA for R=75Q is given as follows.
Vout . VLNA_OUt * Vout

Overall Gain =
Vin Vin VLNA_out

V
_MA_ot _10.5dB =3.35
in
Vou 0 _g,4
Vina ot 50+75

Overall Gain(A,)=3.35*0.4=1.34




AMSC Allm

Total input measured noise is given as follows.

V _Vmeasured out
measured—in —
A2
V

AKT *50*0.72
=V a_in + (from (3))

A

Where V|_2NA_in is the total input referred noise contribution of LNA and R, alone.

Let V 5o = 4KT *50 Hence total input referred noise contribution of LNA and the load resistor alone is given by

Vi vn5{102'9%°—1}—%2072 (from (1)
n50(09 04)
V2 (05) De-embedded NF = 1+0.5=1.76dB
— V' nb0\V-



AMSC Conclusion AIlM

A highly Linear LNA using a non-linearity
cancellation technique has been proposed

* Theoretical analysis using Volterra series has
been done to corroborate the idea

 The LNA has been designed and fabricated in
TSMC 0.35um technology

* An IIP3 of +21dBm has been experimentally
achieved




