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Overall Reguirements of LNA In
Recelvers

O Signal coming from antenna is very small: -100dBm(3.2uV)~-
70dBm(0.1mV), amplification is need for the following stage (mixer)
to handle. (Gain requirement)

O The received signal should have certain SNR to be reliable
detected. Noise comes from the environment and the circuit itself.
Noise floor is determined by thermal noise and system bandwidth
(KTB). Noise added by the circuit should be as less as possible.
(Noise requirement).

O Large signal or blocker can occur at the input of LNA. Large
signal performance of LNA should be good enough. (Linearity
requirement)

0 Reasonable power consuming (Power constrain)



A Conceptual LNA Structure
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O Input/output match network
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LNA Metrics: Gain

O Gain is the ratio of output signal and input signal. It defines and
small signal amplification capability of LNA.

O A lot of gain definitions exist. For IC implementation, LNA input is
interfaced off-chip and usually matched to specific impedance (50ohm or
750hm). Its output is not necessary matched if directly drive the on-chip block
such as mixer. This is characterized by voltage gain or transducer power gain by
knowing the load impedance level.

O Transducer power gain: Power delivered to the load divided by power
available from source.

2
2 1- GL‘ For unilateral device

2 l.e. S12~0
1- Szzet‘ e

1- G/
(5 — S
1- 5,G[ 2




LNA Metrics: Noise Figure

O Noise factor is defined by the ratio of output SNR and input SNR.
Noise figure is the dB form of noise factor.

O Noise figure shows the degradation of signal’s SNR due to the
circuits that the signal passes.
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The source impedance 1/Ys of the LNA can be transformed to
an optimal value such that the noise figure is minimum.
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LNA noise matching:



LNA Metrics: Why gain and low

noise?
Sensitivity = Noisefloor (dBm) + SNR+ NF,,
-174dBm+10logBW
System SNR is determined by Noise factor of cascaded system:
BER requirement of a specific Foina-1
modulation scheme: F,=Fp+t——
C;LNA
le-3 le-6 O LNA's noise factor directly appears in

QPSK 7dB 11dB the total noise factor of the system.

16QAM | 12dB 16dB 00 LNA’s gain suppress the noise coming

64QAM 17dB 21dB from following stages




ELEN 665 (ESS)
TWO-PORT NOISE COMPONENTS
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Y. =G, + B, then

G, +[G.+6,f +(B.+B.F|R +(G2+ B2,
G
Optimal source admittance:
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F=F o6 0 + (- B
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For theMOSFET noise modd, we haveto takeinto account two sources.
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LNA Metrics: Non-linearity
model
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O Usually distortion term: 2f1-f2, 2f2-f1 T
fall in band. This is characterized by 3 IM3

order non-linearity. f=2fif |
O Large in-band blocker can desensitize T
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LNA Metrics: Linearity
measurement

O 1dB compression: $ Pout (dB) |
P.s@output "“““““‘,f'iﬂ

Measure gain compression for large input signal
O 11P3/11P2:

Measure inter-modulation behavior

| P, (dB)
PldB@inpUVt
O Relationship between 11P3 and P1dB o)
Poue (B .

For one tone test: 11P3-P1dB=10dB oz S

For two tone test; 11P3-P1dB=15dB orr3 _—

[IP3~ -10dBm~8dBm .
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CMOS LNA
o TOPOlOGIS

Resistive Termination ~ €ommon Shunt-series
Gate Feedback
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LNA Topologies
(cont’d)

O Narrowband LNA: inductive degenerated
O Broadband LNA: common-gate and series-shunt feedback

O Bipolar LNAs also have corresponding configurations

Focusing on inductive degenerated LNA
O Input match
O Noise match

O Linearity



A Popular Narrow Band LNA:
Inductive Source Degenerated
LNA



Source Degenerated LNA

Input impedance
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SOURCE DEGENERATED LNA ANALY SIS
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Matching occurs when Z(jw,)=R, , R, is the resistor associated in the input
voltage source. That is

(I-G"'I—S)Wo:i W, = !
Wngs (LG + LS)Cgs

and

— gmLS
R, —Cgs
which impliesthat :

1

Le = - Ls

2
Wngs



Matching occurs when Z(jw,)=R, , R, is the resistor associated in the input
voltage source. That is

(I-G"'I—S)Wo:i W, = !
Wngs (LG + LS)Cgs

and

— gmLS
R, —Cgs
which impliesthat :
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Vin (1W5) = Zi (106 )41 (W5 ) = Ry 1in (15

Thus
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The input voltage referred noise
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Source Degenerated LNA
(cont’d)

Input impedance-non-idealities
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Source Degenerated LNA
(cont’d)

Noise factor
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There is a optimal QL to minimize F

Is this F the minimum achievable one?

D.K. Shaeffer, T.H. Lee, “A 1.5V 1.5GHz CMOS Low Noise Amplifier”, IEEE JSSC, Vol. 32, No. 5. May 1997



Source Degenerated LNA
(cont’d)

Achieve minimum noise figure: trading input match

Inductive Source degeneration:

The degeneration inductance modifies the input reflection coefficient
without affecting the optimal input reflection coefficient for minimum

noise figure.




Source Degenerated LNA

Linearity
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Source Degenerated LNA
ont'd)

Differential v.s. Single-e(%e

Differential Single-ended
v’ reject common mode noise v’ compact layout size
and interferer v less power for same NF
x double area and current and linearity
v shield the bond wire x susceptive to bond wire

_ and PCB trace
x need balun at input o
N O drive single-balance
x common-mode stability mixer

x |inearity limited by bias O output balun drive
current double-balance mixer



Differential LNA Common-mode
Stability Issue
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Differential LNA Common-mode
Stability Issue (cont’d)

C1+C2 +gmL_ gm

7. = {wlL +L |+
incom — J (9 S) ch1C2 Cl > W2C1C2
Real part:
g, &€ 1 0O
) ==MclL - T
I:gn,com C1 g S W2C2 ﬂ

O For passive termination, the real part of the source impedance will
always be positive. IF Rincom happens to be negative and cancel the real
part of source impedance, oscillation MAY occur.

O When design differential LNA, not only pay attention to differential
operation, but also check common-mode stability!



Variant of Inductive Degenerated
LNA

Lsp

o O nMOS-pMOS shunt input
% F Ves O Current reuse to save power

VIN

O Larger area due to two degeneration
iInductor if implemented on chip

%[ O NF: 2dB, Power gain: 17.5dB, 11P3: -
E e 6dBm, Id: 8mA from 2.7V power supply

Single-ended version of current-
reuse LNA (bias not shown)

F. Gatta, E. Sacchi, et al, “A 2-dB Noise Figure 900MHz Differential CMOS LNA,” IEEE JSSC, Vol. 36, No. 10, Oct. 2001 pp. 1444-1452



Variant of Inductive Degenerated
LNA (cont’d)

Interstage

Inductor
% Lsn

Inter-stage Inductor gain boost

O Inter-stage inductor with
parasitic capacitance form
Impedance match network between
Input stage and cascoded stage
boost gain lower noise figure.

O Input match condition will be
affected



Design Procedure for
Inductive Source
Degenerated LNA



Targetlng Structure

Inductive degenerated
CMOS LNA

Noise factor equations:

o,
F = 1+k”f§w .

)
Ky =31 f1- dcle, +a(@? 41k ?]

a 20Q

Q=— = —a |
2RS\NOCgs Cd -4 5

Linearity:

Voltage Gain:

IIP3U V.-V, Jgoﬂ&



Targeted Specifications

Frequency 2.4 GHz ISM Band
Noise Figure 1.6 dB
11P3 -8 dBm
Voltage gain 20 dB
Power < 10mA from

T8V



Step 1: Know your process

J A 0.18um CMOQOS Process:
——tox=4.1e-9 mm
N e= 3.9%(8.85e-12)F/m
N m=3.274e-2 m"2/V.s
— Vth=0.52V
- i a=gm/gdo
Noise related «—| N dig~2
_hg-3

Process related <—

. . — c=-0,55 . .
Important design guide plots ogtameg)from simulation or
measurements



Step 2: Obtain design guide plots

gm, Qdo, @, Vgs-Vth VS. current density plot
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Step 2: Obtain design guide plots
(cont’d)

Insights:

 (do Increases all the way with current density lden

e gm saturates when lden larger than 120mA/mm

— Velocity saturation, mobility degradation ---- short channel
effects

— Low gm/current efficiency
— High linearity
I a deviates from long channel value (1) with large lden



Step 2: Obtain design guide plots
(cont’d)

fT and Cgs vs. gate overdrive voltage
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Step 2: Obtain design guide plots
(cont’d)

Insights:

— fr Iincreases with Vod when Vod IS small and
saturates after Vod > 0.3V --- short channel effects

— Cgs/W Increases slowly after Vod > 0.2V

— fr begins to degrade when Vod > 0.8V
e (m saturates
e Cgs INncreases



Noise factor scaling coefficient

Step 2: Obtain design guide plots

Knfvs input Q and cuﬁ%?m;@)

3-D plot for visual

; Inspection
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Step 2: Obtain design guide plots
(cont’d)

Insights:
Design trade-offs

O lden? - F?
dQ? -F?

L For large Iden (300 mA/mm) there is an optimal value
of Q --- maybe too large for a practical design

1 For fixed Iden, increasing Q will reduce the size
of transistor thus reduce total power ---- noise
figure will become larger



Step 2: Obtain design guide plots
cont'd)

Linearity plots :11P3 vs. gate overdrive and transistor size
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Step 2: Obtain design guide plots
(cont’d)

Insights:

e MOS transistor 11P3 only, when embedded into actual

circuit:
— Input Q will degrade 11P3
— Non-linear memory effect will degrade 11P3

— QOutput non-linearity will degrade 11P3
« |IP3is a very weak function of device size

o Generally, large overdrive means large 11P3
— But the relationship between 11P3 and gate overdrive is not

monotonic
— There is a local maxima around 0.1V overdrive



Step 3: Estimate fr and calculate

knf
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O Small current budget ( < 10mA )
does not allow large gate over drive :

002V ~04V Cys /W =1.3fF /mrm
Q fr ~ 40 GHz




Step 4: Determine Iden, Q and
Calculate Deviire 170

——20x2.5mMm —=—-30x2.5nMm —a—40x2.5mn
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Select laen = 70 MA/nm If Q = 4, 11P3 will have enough margin:
Estimated 11P3:
[1P3( read from curve ) — 20log(Q)~ -4dBm

Specs require: -8 dBm



Step 4: Determine lden, Q and
Calculate Device Size (cont’d)

ot Now we can do calculations:
S i 1
: . =T Cyy = R ~166fF
E ; C)_/ £134..A;..... ol W
'g 6 / <W _300m/mm | 0

. X //éa/

4 %

 ER LTSS TaTET 166 fF

' ’ ’ Qu:Iity factor5 ° ! ° W — :128nm
1.3fF /mm

Q=4 and Iden = 70mA/nm meet the

noise factor requirement

| s =128mm” 70(mA/ nm) =

8.9mA




Step 5: Calculate Lg, Ls and
Required Load
4 Verify cut-off frequency

O gm is about 50mA/V for the determined
current density and device size

a fr = gm/(Cgs*2pi) = 48 GHz --- Verified !

=2 5 02nH ng ﬂRs
W,
L, = 21 - L, » 26nH

Wngs :%‘A,‘RS » 30W
WT



Step 6: Simulation Verification

Usually simulation-hand calculation iterations are

necessary to obtain satisfactory design

Parameters | Calculation | Simulation
W 128um 127.5um
lds 8.9mA 8MA
gm 50mA/V 50.7mA/V
Cos 166fF 151fF
| S 0.2nH 0.2nH
g 26nH 16nH =
RL 30 Ohm 40 Ohm

Deviate from
hand-calculation
most

Possible reason.
Cgd is not
considered for
hand calculation



Step 6: Simulation Verification
(cont’d)
Simulation plots for 11P3, Av, NF and S11

Output Voltage (dBV)
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Step 6: Simulation Verification
(cont’d)

Comparison between targeted specs and simulation results

Parameter Target Simulated
Noise Figure 1.6 dB 0.8dB
Current < 10mA 8 mA
VoltH§ain | 20dB 21 dB

[1P3 -8 dBm -6.4 dBm

P1dB -20dbm
S11 -17 dB
Power 1.8V 1.8V

Supply



Summary for LNA Design
Procedure

1 Design mixed with simplified equations and
simulation plots normalized to unity device size help to
gain insights and consider all the important design
specification at the same time.

1 Several iterations is generally required from hand
calculation to simulation to arrive at satisfactory or

optimal design.

 Secondary effects such as gate poly resistance can be
considered during simulation and can also be considered
by add more margin in the design specifications.

Reference: T-K. Nguyen, C-H. Kim, G-J Inm, M-S Yanf, and S-G. Lee, “
CMOS Low-Noise Amplifier Design Optimization Techniques” IEEE Trans.
On Microwave Theory and Techniques, vol 52, No. 5, pp. 1433-1442, May 2004



