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References and Citations:

Sources / Citations :
Kittel and Kroemer : Thermal Physics

Van der Ziel : Noise in Solid - State Devices

Papoulis : Probability and Random Variables (hard, comprehensive)

Peyton Z. Peebles : Probability, Random Variables, Random Signal Principle s (introductory)
Wozencraft & Jacobs : Principle s of Communications Engineering.

Motchenbak er : Low Noise Electronic Design

Information theory lecture notes : Thomas Cover, Stanford, circa 1982

Probability lecture notes : Martin Hellman, Stanford, circa 1982

National Semiconductor Linear Applications Notes : Noise in circuits.

Suggested references for study.

Van der Ziel, Wozencraft & Jacobs, Peebles, Kittel and Kroemer

Papers by Fukui (device noise), Smith & Personik (optical receiver design)
National Semi. App. Notes (!)

Cover and Williams : Elements of Information Theory
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Our Notation for Spectral Densities and Correlations

Random Process Outcome
function of time V(t) V(1)
function of frequency VhH),V(jw) v(jf),v(jw)

autocorrelation function R, (7)=E[V()V (1 +7)] R, (7) = A[v(t)v(t+7)]
S..(j®) = %R, (7)]
15, (jo) =v(jop (jo)/ T
| S, (27 f) =28, (jw)
crosscorrelation function R, (7)=E[X()Y(1+7)] R (7)=A[v(t)y(t+7)]
S, (jo)=F| R (7)]
15y (@) = x(jo)y (jo) | T
S,(J2rf)=2S,,(jow)

Note that 7" is the time truncation period we have used to handle power signals

S, (jo)= g[RVV (T)]

power spectral density { ~ .
Sy (J27f) =128, (jw)

S (j@w)=F|R,, (7)]

cross spectral density {5 (27 1) =28 (jo)
xy\J&] ) =23, (O

When context makes it clear whether v = v(¢) or v =v(jw), we can simply write v.

For stationary ergodic processes

Sy (j@)=8,,(jo)=v(jo)v (jo)/T and Sy, (jo) =S, (jo)=x(jo)y (jo)/T
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Two-Port Noise Description

As we have seen in the prior lectures,

through the methods of circuit analysis,

2-port O

the internal noise generators of a circuit

can be summed and represented by

two noise generators £, and /.

The spectral densities of £ and [/ must be calculated and specified.

The cross spectral density must also be calculated and specified.



Signal / Noise Ratio of Generator
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V

signal

E and £ are in series and see the same load impedance.

n,total n,gen

The ratios of powers delivered by these will not depend upon the load.

Therefore consider the available noise powers.

. . . _ 2
The signal power available from the generator is P, .aiane = Viignar.rizs | 3R gen

If we consider a narrow bandwidth between(f ., —Af /2) and (f ., +Af / 2),

then the available noise power from £, ,, 1s

= E[E] 1= S(if)-Af / 4R,

noise,available,generator

The signal/noise ratio of the generator 1s then

2 2
Psignal,available I/Signal,RMS /4Rgen I/signal,RMS /4Rgen
SNR = = — =

})noise,available,generator SEn’gen (Jf) ) Af / 4Rgen kT ) Af
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Signal / Noise Ratio of Generator + Amplifier

. . . — /2
Signal power available from the generator : P, ; uiasie = Viignar zms ! 4R gen

Noise power available from generator : P =S, -Af /4R een = KT - Af

noise,av,gen

Noise power available from amplifier : £, ., 4, =S¢, -Af /4R,

Signal/no1se ratio including amplifier noise :

2
SNR — Psignal,available — I/signal,RMS /4Rgen
})noise,avail,gen noise ,avail ,amp SEmml ) Af/4Rgen + SEn,gen ) Af/4Rgen
2
— Vsignal,RMS /4Rgen
S. Af/4R__+kT -A
Etotal gen
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Noise Figure: Signal / Noise Ratio Degradation

signal/noise ratio before adding amplifier

Noise figure = — . . : :
signal/noise ratio before adding amplifier

I/Slz'gnal ,RMS / 4R

kT - Af

gen

Signal/noise ratio before adding amplifier : SNR =

I/szz'gnal ,RMS / 4Rgen
Af /4R, + kT -Af

Signal/noise ratio after adding amplifier : SNR = 3
E

total

S

Af /4R + kT - A
Noise ﬁgure = F = ol f gen f

kT - Af

~~

/4R, i+ amplifier available input noise power

ise fi ‘SE
Noise 1gure = 1+ total
kT
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Calculating Noise Figure

~~

/4R
Noise figure =1+ E osa gen
kT

Two-port —o

We also know that :

S, =8, +1Z,IP S, +2ReiS,, Z_

n total TWO—pOVf —o©

!

We can calculate from this an expression for noise figure :

S, +|2'S, +2-Re(25, , )
4KTR,,

F=1+



Minimum Noise Figure
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Noise figure varies as a function of Z,,, =R, + jX

gen °

3, +z,[S, +2-Re(Z5, , )
4KTR,,,

F=1+

After some calculus, we can find a mimimum noise figure

and a generator impedance which gives us this minimum :

F —1+4—{2\/SEE (Im[SEI D +2RG[SE1 ]}

S:EE Im[§E1 ] 2 Im[§E1 ]
Z =R -I—]Xopt— E””—[ 5 "n] — - nl
11,

~~

SI}’! [n

Points to remember : (a) F' varies with Z

gen?

which gives a minimum F(c).

(b) hence there is an optimum Z,



Noise Figure in Wave Notation
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Written instead in terms of wave parameters,
2
I -T

4r, - X
pt

min T 2.7 )
a-|rH*-a-1,)

Noise_circles

These describe contous in the I', — plane of
constant noise figure : " noise figure circles" ,
1.e. a description of the variation of noise figure

with source reflection coefficient.

The derivation of this 1s tedious but trivial; please see one of the textbooks.

10
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Noise match # reflection match. Gain < MAG/MSG

An impedance-matched amplifier provides ||S,, |'= MAG/MSG & I', =T =0

N[N NN § S
7 =500 S B Ny

impedance - impedance

match match
M S 7-50Q
l I—I I—i l rc)ur=0 o

An noise-tuned amplifier has Z, # Z, hence I, # 0. This can be undesirable.
An noise-tuned amplifier has || S,, |F< MAG/MSG.

Z,=50Q

If the output is impedance-matched, then || S,, |[°= G, where G, is, as always, a function the source impedance

*
t FET

i
1‘501”'. FET
73

Z. =500 N N
) noise (\ impedance

— = tuning @ M match S

Z =500

11
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Gain and Noise Circles

m7
A 4

MSG=8.8 dB @ 200 GHz

With the output matched, G, and noise figure will vary with Z.

Tuning for F_. will reduce the gain, and probably will result in input mismatch.

MAG
|

dB(h21)
20*10g10(U)

StabFact1

Reduced gain, in return for lowest noise, 1s inevitable* i isasons
: .. , T
I'. =0 can be obtained even when designing for lowest noise. =1 §“
.x. {‘h‘ freq, H
bea
aa]
S
S, 3
E SN
I
Z:r @ 3,
§ ~P0
C)! :-'5|%
/\/ I - L T B3
i $ . cZ:>
. . . i . . \\_ -
* See following discussion of noise measure invariance. ~—

cir_pts (0.000 to 51.000)
freq (200.0GHz to 200.0GHz)

12
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Converging the Gain Circles and N0|se Clrcles

MAG=3. 9 dB @ 200 GHZ
By adding reactive feedback (in this case, emitter inductance), ]
the source impedance for F_. and the source impedance 552 ]
5%§ 1im7 L I
for peak gain can be made to converge. i \
10-120*10g10(U)=10.697
4|dB(h21)=7.358
- [StabFact1=1.081 EE
1/StabMeas1=0.348
Good: input tuning for F_. then gives low S|,. 9 T e

Possibly bad (?): gain has been (?) greatly reduced. But, see following notes.

Definitely good (!): the reactive feedback can stabilize without adding noise.

S(1,1)
Noise_circles
GAcircles

cir_pts (0.000 to 51.000)
freq (200.0GHz to 200.0GHz) 13
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Converging the Gain Circles and Noise Circles

Adding appropriate shunt and/or series reactive feedback

the source impedance for F,_. and the source impedance ~{ ~|
for peak gain can be made to converge. — —
i i v

Input tuning for F . then gives low §,,. L
. . . e —A/\/— bias — - bias
Series inductance helpful in common-(source/emitter) I - \ 7 \

T large T large
(RF open) (RF open)
e

[ JB
Oo—— 2-port |—0 2-port O
—

Series capacitance helpful in common-base

14



Cascaded Amplifier Noise figure: Friis Formula
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b}
i2

1 o

in

=
.

NN NI SHIIN .

Available gain: power gain of the amplifier with the *output® matched to the load

G - P,,, power available from the amplifier output
P, power available from the generator

Noise figure of a cascade of amplifiers

— F, -1
Eoml:E—i_Fz 1+ 2 +--
GAI GAIGA2
Total gain of a cascade of amplifiers
G = GGG ys

Here the noise figures and available gains of each amplifier are calculated given using

a source impedance equal to the output impedance of the prior stage,
ie. Z2,,2 2L . Z

sl 2 outl?

etc.

out2? out2?

15



Cascaded Amplifier Noise figure: Observations
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- E ¥ m
N1 N Y Y
o st e,
i
Eotal:E-l_Fz_l-l_ F;_l +---
GAl GAIGA2

The noise contributions of stages 2 & 3 are reduced by the gains of prior stages.

Given that both /| and G, depend on Z |, selecting Z , for smallest F

is not intelligent, as, if this makes G, small, there will be a large contribution to F, ,, from F,.

Instead, Z, should be selected to appropriately balance F; and G ,.

**How shall we do this?**

16



Cascaded Noise Figure and Noise Measure
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Now cascade an infinite number of identical amplifiers

Cascaded noise figure:
P :F+F_1+ F-1 +“.:F—1/GA
G, GG, 1-1/G,

Noise measure:

F-1 F-1 F-1
- - 4o =

M=F —1=(F-1 o=
cosae =1 = (F=1) G, G,G, 1-1/G,

We should select Z, for minimum M (or, equivalently, for minimum F

cascade

), not for minimum F'.

17



Noise Measure as a figure of merit of LNA quality
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Noise figure of stage2, stage 1, cascade: F,,, = F, +(F, -1)/G,,

F, -1 F -1
IfF < F then F+—2—<F, +—

totall,2 total2,1 G
Al A2

GAlGA2E + GAZ (Fz _1) < GAlGAze + GAI (Fi _1)
GAlGA2F1 N GAlFl < GAIGA2F2 o GA2F2
EGAI(GAZ —1)< FZGAZ(GAI —1)
FG < F,G
(1_1/GA1) (I_I/GAZ)
M <M,

...the stage with the lowest M should be at the input.

Noise figure of stagel, stage 2, cascade: F,,,, , = F, +(F, -1)/G

18
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Noise Measure Invariance (with respect to lossless embedding)

"M . 1s invariant with respect to lossless embedding" —transistor
What does this mean ? Z e |—| !
oein ZLT
: : : : = I
A transistor, with some optimum source impedance Z_, ;
will provide some minumum transistor noise measure M _. .. amplifier
anr._{ |_|- [
We embed the transistor in a lossless passive circuit to make an amplifier. Voo 214
. . . . - 4
This, with some optimum source impedance Z

opt,A
lossless passive embedding network

— ™ % o

a=0 v

will provide some minumum amplifier noise measure M

min, 4 °

The minimum noise measure **does not change**: o #0

Mmin,T = Mmin,A = Mmin

All (lossless, passive) circuits using the transistor provide the same M, =M . . =M . .

H. A. Haus and R. B. Adler, "Optimum Noise Performance of Linear Amplifiers," in Proceedings of the IRE, vol. 46, no. 8, pp. 1517-1533, Aug. 1958, doi: 10.1109/JRPROC.1958.286973.

N. Baniasadi and A. M. Niknejad, "Noise Measure Revisited for Design of Amplifiers Close to Activity Limits," in IEEE Transactions on Circuits and Systems I: Regular Papers, vol. 69, no. 6, pp. 2276-2283, June 2022,
doi: 10.1109/TCSI1.2022.3157622. 19



Noise Measure Invariance: Implications
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All lossless circuits using the same transistor have the same M . .
Common source/emitter has the same M . as common gate/base.

min

Reactive feedback for simultaneous noise and gain tuning

does not change M . .

Capacitive neutralization for gain-peaking does not change M . .

Singhakowinta's feedback does not change M . .

... In all cases *given that the appropriate Z 1s used*.

source

.
-

_{

Ialge
{RF open}

o
e —/\/\,—blas

! Ialge
{RF open)

2-port

20



LNA Design Procedure: Simplified
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Real LNAs are designed for balanced peformance
low noise,
high dynamic range (high IIP3, high IP, ;)
appropriate bandwidth (wide, narrow, as needed)
low DC power, low die area
resulting design process is complex and iterative

Simplify for class: just design for lowest F

cascade ®

Goal: design for lowest M and associated G .
Need CAD plots: M and G, circles on Smith chart
These *can* be computed (see Fukui paper'),
But commercial CAD programs don't plot these

They only provide /' and G, circles on Smith chart.

Work-around: UCSB-written CAD post-processing program”:

approximate values of ¥ and Z

cascade,min opt,m

1) H. Fukui, "Available Power Gain, Noise Figure, and Noise Measure of Two-Ports and Their Graphical
Representations," in IEEE Transactions on Circuit Theory, vol. 13, no. 2, pp. 137-142, June 1966, doi:
10.1109/TCT.1966.1082556.

m10

freq=210.0GHz
S[L_ind,Veb_ind,le_ind,(freq_ind-1):(freq_ind+1)](2,2)=0.555 / -49.449
impedance =Z0* (1.180 - j1.438)

m7

indep(m7)=51
Noise_circles=0.223 /-41.455

ns figure=4.986

impedance = Z0 * (1.329 - j0.413)

m8

indep(m8)=18

GAcircles=0.518 / 148.302
gain=4.938

impedance =Z0 * (0.340 +j0.253)

gama_S
GAcircles
Noise_circles
/r‘_‘_ﬁ\‘\

cir_pts (0.000 to 51.000)

indep(gama_8S) (0.000 to 29.000)

Keysight ADS plots Ga circles (red) and F circles (blue). The UCSB-written post-processing routine draws
a line between the center of these circles, computes F_,..4. for points along this line, and then finds the
point (source impedance) giving lowest F_, .4 - The procedure is approximate because the point for

lowest F,,qe Will lie on this line only if the centers of all Ga and F circles also lie on the Inie.

2) U. Soylu, A. S. H. Ahmed, M. Seo, A. Farid and M. Rodwell, "200 GHz Low Noise Amplifiers in 250 nm InP HBT
Technology," 2021 16th European Microwave Integrated Circuits Conference (EuMIC), 2022, pp. 129-132, doi:
10.23919/EuMIC50153.2022.9784010.

21



ADS/Python Scripts for Noise Measure Estimation
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3

File Edit View |nsert Marker History Options Tools Page Window Help

GA_Moise_Circles* [Equations]:0 - 0 X
PINEEH& Y X9 €PN QR o o

STAMAYEF[ULIX LS - EEE
kot == i=l)]F cascade _mini=min(F_cascade1) =
i=lF cascade_dB_min1=min{F_cascade_dB1)
gama_S_opt=dl_python("gama_S_opt.py",gama_S1,F_cascade1,F_cascade_min1 sweep_size(DC.le)(3))
ililga_opt=real(dl_python("gama_S_opt.py",ga_valuel,F_cascadel,F_cascade_min1,sweep_size(DC.le)(3)))
I hInf_opt=real(dl_python("gama_S_opt.py",n_value1,F_cascade1,F_cascade_min1,sweep_size(DC.le)(3)))
[F]ga_opt_dB=10"log10(ga_opt)
ihInf_opt_dB=10"log10(nf_opt)
iLIF cascade_min_overall=min(F_cascade_min1)
i=]F cascade_min_index_overall=find(F_cascade_min1==F _cascade_min_overall)

>0 EE S E

o)/ |8 iE& =

Spyder (Python 3.6)
File Edt Search Sowrce Run Debug Consoles Projects Tools View Help

OesBEs=Se pEBR ¢ HoE=es=
Editor - homefutkusoylu/ADS/ANA_EffortLNA_wrk/datajpythonigama_S_optpy
£y 9ama_s_optpy X pldapy X

11mport ads
1aport nuapy as np
n,s=ads.get()
! indexl=1nt (n[443,0])
5 gama_S=n[0:20,2]
f_cascade=n([221:241,2]
f_cascade_sin=n[442,::]
f_index=np.zeros (indexl)
gama_S_opt=np.zerosi{indexl)+1j*np.zeros(index]l)

»EH BX f,e

B Help
Source |Console =
o

€ =D SANA EfortANA wrigdataipython  ~ e AN

Object - & o
Here you can get help of
any object by pressing

Ctri+l in front of it.
either on the Editor or the

poutld8py X pld8_vcepy X

un python script

Console
1for 1 in rangelindexl): Help can also be shown -
gama_S=n[(0+i*20): (20+1°20),2] ariable
f_cascade=nl(221+1%20): (2414120),2] o SO TR Splorar ] el
for ) in range{lenigama_S)): 1Python | &R
1f (f_cascadel)] < f_cascade_minl1]+0.000001) and (f_cascadelj] > f_cascade_min[1]-0.000001): S =
f_index[1]=) Console 1/A X
gama_5_optlil=gasa_s[j] = L
1 Python 3.6.4 (default, Jan 31 2018, 22:47:16) =
19 ads.send (gama_5_opt) Type “copyright®, “credits” or “license” for more 3

information.
IPython 6.2.1 -- An enhanced Interactive Python.

In [1]:

| 1

M

2D plots

U. Soylu, A. S. H. Ahmed, M. Seo, A. Farid and M. Rodwell, "200 GHz Low Noise Amplifiers in 250 nm InP
HBT Technology," 2021 16th European Microwave Integrated Circuits Conference (EuMIC), 2022, pp. 129-

132, doi: 10.23919/EuMIC50153.2022.9784010.

22
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LNA Design Procedure 1: DC bias and transistor size

cascade®

Determine the bias (Vi, 1./ L;) or (Vy, 1,/ W,) giving lowest F,

max
ch

Low-noise bias usually at much lower current than high-f_ bias. = & 1J e

Fcascade mim, dB

Select the transistor size (L, or W) :
Setbias currentat /. =(I./ L), - Ly ot I, =1, /W), W
Larger /. or I, — larger maximum power (IIP3, IP, ;) (see later notes)
Smaller /. or /,, = smaller DC power consumption
Larger /. or [, — smaller [|Z_ |

Smaller /. or I, — larger||Z, ||

It(Z,, | >Z,o0r|Z,, | <<Z,, input tuning will be difficult:

Possibly narrow tuning bandwidth.

Possibly high tuning loss — increased M, reduced G,.

10.0

«f 1 Vcb=0.3V,0.4V,0.5V,
9.0
8.5 200 GHz; Teledyne 250nm InP HBT
8.0
7.5
—
7.0 g -
6.5 TIII[III"IIIIIITITIIIIIIIIIIlIIIIIIIII]IIIIITITI
0.00 0.15 0.30 045 060 0.75 090 1.05 1.20 1.35 1
Je mA/pum

23



LNA Design Procedure 2: tuning, stabilization, matching

If (and only if) you care about S, ;:

add reactive feedback to converge the G, circles and M circles.

somewhat tricky, as the CAD program plots F circles, not M circles. ~> m

If the reactive feedback has not also stabilized the transistor,

» . e L zZ =Z. Z 3
then add additional output resistive stabilization. gr e E e [N P
. . . . L tuning match

...This should be avoided, if possible, as M will increase. = $ m?

. e . i I' =0 -

If all possible, stabilize with reactive feedback. " l AA l N
lpossib!e output resistive stabilization
Design input tuning network to obtain 2, ... =2, .

Design output tuning network to obtain Z, =

Jstransistor ~— ““L,opt*

1.e. output is *impedance matched*

Add out-of-band stabilization

24



LNA Design Procedure 3: multistage design
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Although we can cut/paste similar stages, this 1s not optimum:

Pairs of interstage networks can be merged into single network.

Cascaded stages carry larger singal power:
need more (IIP3, IP, ;)

larger (I,.,Ly) or (1,,,7,)

possibly large-signal output tuning for increased (IIP3, IP, ;)

Zen=2o 2y LEJQ

<

noise
tuning

é)pf

L,opt

noise
tuning

B impedance :
Q j malrch
N| L{.\‘i

noise

tuning

@)

=

noise
tuning

é}pf

impedance
match

!

impedance
match

25
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LNA Design Procedure 4: multistage design; revisiting reflections

Side comment: 7 —7

gen 0

If stage-stage interconnects have length<<A4/4,

then we may not need to avoid inter-stage line reflections.

Reactive feedback for (noise, impedance) convergence

can be dropped.

Z_ =7,
This can be helpful if low-Q reactive elements are degrading M.

But, reactive feedback also provides noiseless stabilization.

So, we may want to keep the reactive feedback.

L5 L‘FQ

2
r, =0

m

Zy N

zZ NJ
=
I =0

m

noise
tuning

J.

noise
tuning

noise
tuning

|

match

. 1
impedance |

l

impecdance

T 1%

match

1
impedance |!

noise
tuning

l

i'ZL.opr

L

[

impedance
- match ;

matc

impedance
= h % J

26
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Minimizing input tuning losses (hence input tuning noise)

) ) ) ) o YO;JIZGE+J.BJ YOPI.ZKGI"F]'KB[:I/(SOQ)+jKBj
In higher-frequency designs, the input tuning loss can be significant.
Ly KL, K7,

Loss — resistance — added noise. '_z /
Appropriate transistor sizing can reduce input tuning loss. T KC,
No series tuning element !

- 4

T ¢

50Q source:f(
500 sourcey\y

Differential LNAs are popular
Easy neutralization for gain-peaking
Less supply coupling — easier to avoid supply-induced oscillation.

=1
)

==

But, differential LN As require input transformer (balun).
0.5-2 dB transformer losses.

Degraded noise performance.

27
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LNA Design Example (1): Transistor bias

First step:

transistor bias swept to find
optimimum bias for lowest
F =1+M.

cascade

For a 3 um length emitter finger,
Feaoccade=6-57 dB
@ I/Lg=0.5 mA/um & Vcb=0.35V

Note that the designer had previously
determined that a 3 um length emitter
finger would require an input noise-
tuning network with only a shunt
element, no series element.

Note the G, circles lie entirely within
the Smith chart. Even without
examining the stability circles or the
stability parameters, we know that the
transistor is unconditionally stable in-
band. No in-band stabilization is
needed.

Design frequency: 210 GHz
Teledyne 250nm InP HBT

L F_cascade-dB_min vs Je(mA/um) vs Vcb
= SRC2 >
Vdc=V_CB Idc=|_E 95 3 -
L e = V4=0.3V,0.4V,0.5V '
i (] C ! ! ! L
DC_Feed! el s i
11 g
; il <> EE
| collector DC_Block ouL B, 0]
DC_Block2 %
C>_ _| l— base % ?.5—:
ST R TSC250 HBT =
i K s r.“,;l TSC250 TECH INCLUDE | A B -~
DC Bloc Y L Emitter_length=3 BT e = /
DC_Block emitter num. coll_cont=1 TSC250_NETLIST_INCLUDE ]
Netlistinclude LS W~ S — S —
gnd 0.2 0.4 06 08 10 12 14 16 18 20
O * ARRRNTRSA T E
m10
freq=210.0GHz
S[L_ind, Vcb_ind,le_ind,(freq_ind-1):{freq_ind+1)](2,2)=0.559 / -38.918
impedance = Z0 * (1.554 - i1 .586)
5C250 MIMCAT nE0 TERES mB m7
. SC250_TFRES . . . . . s : : - indep(m8)=18 indep(m7)=51
MIMCap4 TFReSz GAcircles=0636 / 147.857 Noise_circles=0.333 / 66.764
c=270 fF r=2000 Ohm gain=5.020 ns figure=4.759
w=30 um W2 1am - . . - . - - impedance = 20 * (0240 + j0.273)|impedance = Z0 * (1.048 + j0.723)
R 1=80 um T
A==l S [ &5
i CE Bias ~ ik = || ‘ = \\
X4 - : 5 /- N
V_CB=Vcb MlMCapS \
| Bala =270 fF \
% i w=30um o "._
P 1=30 um wEBg \
= Loy T e s e —] g'ge5 | |
== g 4% CaT ] §=2q | |
A = e Short - - g% | f
Short? . T Short8. - \ mip .f
2 ‘\. ,":
\\ )/
\ /
"\\‘ ’//

cir_pts {0.000 to 51.000)
indep(gama_5) (0.000 to 29.000)

IE——

2) U. Soylu, A. S. H. Ahmed, M. Seo, A. Farid and M. Rodwell, "200 GHz Low Noise Amplifiers in 250 nm InP HBT
Technology," 2021 16th European Microwave Integrated Circuits Conference (EuMIC), 2022, pp. 129-132, doi:
10.23919/EuMIC50153.2022.9784010.
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LNA Design Example (2):Converging noise & reflection tuning

Second step:

emitter inductance swept to
converge input reflection match
and noise (F) match.

- F!.C 1

SRC2
VdesV_CB oo,
S
— L __@_. i

=Rl =

DC_Block?

|:€| U-C._Fee-m

F _cascade_dB_min vs Je(mA/um)

| L_deg=0pH,5pH,10pH

F_cascade_dB_min1 (H)
tn

r |l g THCETER -;',*;| TSC250 TECH INCLUDE I
s Blat.;1 armittey] EMilter_length=3 e : .
Ultimately, the designer ch | T
timate Y, the esigner cnose to use : 70
gnd
* * . . .
zero™ emitter inducta nce, as, In
simulations (not shown) the finite loss 88 - T T
L. . 005 010 015 020 025 030 035 040 045 050 055
of this inductance, when implemented 1000°DC IelLE
as a transmission line, significantly - - - -
indep(m8)=18 indep(m7)=51 indep(maE18 findep{m7)=51
de gra ded F GAGircles=0.597 | 155.759 Noise_circles=0.212 / 78.090 GAcirclas=0.497 / 160,929 INoise_circles=0.156 /75,834
cascade* gain=6.226 ) ns figure=6.859 . gain=5.473 ns figure=6.729
impedance = Z0 * (0.263 +]0.201){impedance = Z0 * (0.997 + j0.434) fmpedance = Z0 * (0.345 + j0.148) impedance = 20 * (1.028 +}0.320
OpH ~5pH
F i r
7 LN A 3
4 P b
o / )
(L] i
B indep{mB =18 indep(m7)=51 m8 m7 \
wEgy G&ci_r‘:‘;lg;il 426/ 166833 Noilse_c-rcﬁleasssl).104 1 67.735 -5 |
N 8 in=4 Ns figurne= L]
= g <8 w ﬁnpudancc =Z0 * (0.407 + j0.096) |mpcgdancc =70" (1.061 + 0206 |
"2 g m10 |
- e L i
10pH
ca20 IF- _T:;,;‘ézzohm yd o /
w=30 um U b ' x, /:
=30 um =80 um b 4 P X /
|f|“'_" 3 e - a — s L _,.—-’/
e 4] TSC250 MIMCAP T 2 | m8 7 \ ——
V_CB=\Veb MIMCap5 cir_pis (0000 to 51.00 0, i s | 1 ! cir_pts (0,000 1o 51.000)
| E=le iﬂuﬁ indeplgama_S) (0.000 1o 2 g 3 ;. | i ndepigama_S) (0.000 to 20.000)
— > D = | A /
== | i o e ] !
Short? Shorts \ ;‘j
~
L2 e s
L=Lvia pH = o
R=0 e £ 1 B
cir_pts (0.000 to 51.000)

indep{ gama_S) (0.000 to 29 .000)
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LNA Design Example (3): Input noise tuning

Third step: sRet bC AT,
Vdc=V_CB ﬁgfﬁ - g 6 o
The input is noise-tuned with a shunt e @ .t / N
microstrip line. 1 DC_Feed A W
DC_Feed? = _.-’F %
Because there is no emitter inductance, ; L CM [ ‘|
. . . . collector DC_ Block
simultaneous noise-tuning and S;,-tuning 1 DC_Block2 { Siaams f
is not possible. I il o \ " /
P ?_ i ' bl 1 oges PE] %, Tsc2s0 TECH INcLUDE \ ¥ /
H : : H e SR , Emitter_length=3 P T \ 4
Input tuning is a compromise, favoring M. DC_Blockt emitter| 1 Cal cont="1 TSCes0 NETLIET oL e /
Line losses are modelled—> M degrades Oﬁ”“ e S (R
Between the inexact noise tuning and the
input tuning losses, M degrades el T
R _TSC250_MIMCAP 1t T5c250_TFRES S
_ MIMCap4 TFRes2
I:cascade,min_6'82 dB g2t 2000 oniy et . P
w=2 um - g
. . . . 1=30 G w=30um /_/ s
The shunt input line will also provide base il i 1=80-um 1=30 um 3
. . | 1 X % N,
bias; ; MIMCap4 is an AC short e - ¢ % ==l
TL12 [ = i \'\l
" Sibst="MSub1" g | |
W=11.37 um {-t} s | =Y
L=160 um {-t} : 5! | ]
< i
— ' == | /
Short Short /
Short? - Short8 /,—’f
>
N /,/
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LNA Design Example (4): Output gain/S22 tuning

class notes, M. Rodwell, copyrighted 2012-2023

' SREH Dc
Fourth step: Vaev.cs  SRC2
The output is impedance-matched to 50 i IF~———E———
Ohms with series and shunt microstrip e
lines. ; 1 <
l collector DC Block AR
Line losses are modelled—> M degrades — - s |- s
: ~7.11dB b e T [73aj] Tsoes0 TeoH NoLUDE
cascade,min | DE:_EI::{M emitter E?r:_luiraiazg::j TSC250_MNETLIST_INCLUDE
. . . AR Netlistinclud
The shunt output line will also provide - e
collector bias; MIMCap5 is an AC short O
TSC2H0_MIMGR®. { 750250 TFRES .
w=30 um: o . c=270fF .
=30 um . 1=80um q ‘!:30 um 5 7
||I | [ 1=30 um
i it CE Bine MLIN i I__"_"“l .
MLIN Y4 . .4
TL12 VvV CB=Vch Subst="MSub1"
Subst="MSub1" | - | Exle W=5um {4} :
W=11.37 um {-t} = L=125 um {-t}
L=160 -t
— um i [\ P —
= 0%, S| I <ol TL13 Short8
: Subst="MSub1”
_ ] W=5 um {-t}
L=90 um {-t}

(I

Moise_circles
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LNA Design Example (5): Three cascaded stages
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Fifth step:

3 stages are cascaded.

F

cascade,min

=7.147 dB

MIMCap T TFRae3
- ITON! MMCD8
L“!':"" 2000 Ohen s
g e . w30 um
_ 80 um
] B30 wm
- "
5 TLIE
L v CRayay SubstsMBubi"
SutstSMEub T Eaie WS um )
WET1.37 um () L=125 um (1)
L=%B0 um {1

AN Cap2
=30 F
Wl m
B30 i

n—

nw

Subar=WEub 1"
W37 um 0

L=160wm {4}

TFResd

¥ SF000 Orm

wal um
1580 um

X7
V_CBsvab
I|_Eda

Sulml= NG T
Wah um {0
i L=00 um (L)

GAcircles
- Noise -circles

- MM Cg2] TFress

g =270 F F2000 Onm

=0 F walld) um e

=20 um

p——i i
a8 A
SutwtSMEub T TL4D
W i ) Subar=TSub 1"
L=t um {0 WEN AT wm 0
L=180wm {4}

L

Suba=MSubt"
Wb um -6

Lathd wem §-1)

T e,

WS um 1)
La um 1)

MMCagdd
c=H0F
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LNA Design Example (6): Mask layout and simulations

This is in fact a 4-stage design:

F =7.56 dB

cascade,min

Much design work remains:

Out of band stabilization

Routing power supply lines

Modeling supply line effects on (S;,M)
Checking for supply-associated instability
Modeling effect of pads, I/O connections.
Robustness against process variations
Robustness against supply variations

etc.

=

i S

I‘Jc-u;s |:~ v:m:é 5
.'r-'_*%-‘

_rer

-~

* linear

- P_RFload_dBm_sin

F .cascade min dB

" m4
- freq=150.0GHz

- @B(S(2,1))=13.798

1 [freq=210.0GHz

mb

dB(S(2,1))=16.779

| freq=242.0GHz

m6é

dB(S(2.1))=13.800

~-20 o0

© Pin
.nothing,

S m4. mb5 m6
20
aps
17— -
14| \
= 11
N
2
5 8-
© -
) 5|
2—|
"1 T ‘ F T ‘ T ‘ T T ‘ i ‘ T ‘ T -
1200 1425 1650 1875 2100 2325 2550 2775 3000
freq, GHz
L .. . . . m8 . . .
; Pin=-8.800
- Pout1dB PInTdB o RFload dBm single freq=-3.734|
--10.175] | . -25900] |Gain._av_single_freq=5.066. .
linear=7.924
) 8 )
- 19.99 L 19.998 ®
AD C o)
. F. 5
=4 E I
o r a
=3 CE e
o C @F
[=] - =N
C ‘m =3
[ T \<“E
w @
! C Q3
[ o @
_a
= 3
r Y
! - -2
] F 8
-40.000 I T —Loso0  F
; e /
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LNA Design Example (7): Final Desig

class notes, M. Rodwell, copyrighted 2012-2023

520/0.227.
Vce
| 76.8fF
|H

50€2/0.19672

0.25umx3um
7002/0.123%

B o 0
156fF T 5000 ——

156fF
o ¢
VBB

o

Simulations 200 GHz CE design
Gain 13 dB
BW 60 GHz
NF (F) 7.2dB
P1dg,in -18.2 dBm
Poc 19.22 mW
Die Area 290umx465um
Jemitter 1.0mA/um
Vg 0.56V
ouT
| Stage 4, 3um
Vv
cC Stage 3, 3um
VBR Stage 2, 3um
Stage 1, 3um

Emitter Length
IN
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LNA Design Example (8): Measurements

20 AR TR W NN TN TN T AN TR TR T NN WA TR SO NN TN T S NN N T
Measured noise, surprisingly, is slightly ]
better than simulation 104
o ]
o 0]
2 10
o' ] .
-20 1522 - )’ - - - = Simulation
1 (b) oL —— Measurement [
'30-"'|"'|"'|"'|"'|"'
160 180 200 220 240 260 280
1 | | | | | | | Freq GHz
16 1200 GHz g - 0 P T T R
ot - 5 | 7.240.4 dB noise figure
m 12 - ' - e 1 over 196-216 GHz i
2 ] -10 S __ 104 e L
c . [ o) i .- I
i _ o % kL T L Ly i
8 ° 15 3 s e [
- -18.2 dBm Pin1dB @ 200 GHz . ~ 5 i
4] - - - Simulation --20 1
1CE ___ Measured - . - - - - Simulation
0 ———- (b) —— Measurement |
-32 28 -24 -20 -16 -12 -8 4 oO+——— 7T+ 1 T T T
160 180 200 220 240 260
Pin (dBm) Freq GHz
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Appendix: Derivation of F;, and Z (1)

S R2+ X3S  2.Rel(R =X )S
4kT(F —1) = RE" L - AT ( gR] 2 E’)

g g g

4KT(F-DR, =5, +(R2+X2)S, +2-Re((R, - jX,)Re(S, , )+ jIm(S, , )
4KT(F-DR, =5, +(R2+X2)S, +2-(R,-Re(S, , )+ X, -m(S, ,))
G=4kT(F-1)=S, /R, +R,S, +X.S, /R, +2-Re(S;, )+2X, Im(S;, )/R,

S, +X2S, +2X,-Im(S - -
G=—tr — ¢l p £ (E”I")+RgS,n+2-Re(SEn,n)

g
dG 2X,S, +2:Im(S,,)
dx R -

g

0

Xy =~ Im(S g1 )/ S ; optimum generator reactance
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Appendix: Derivation of F;, and Z (2)

~

Sy +X2S, +2X,-Im(S, , )
R

g

Now substitute in the expression we have found for optimum generator reactance.

~ ~ ~ 2 ~ ~ ~
S, +{Im(S /S, ]S, =2-\Im(S /S ~ ~
A LGP VO £ e LTCTR) N S
R n ntn

g

G=4kT(F-1)= +R,S, +2-Re(S; )

5, —(mS, ) /5,
R

g

G =

~+R S, +2-Re(Sy, )

~

~ V) ~
dG _(SE,, _(Im(SE,,IH)) / SI,,) N
— - +S, =0
dR R, ”

~ ~ 7~

. 5, —(m(S, )3,
g.opt §
Il’l

“ optimum generator resistance
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Appendix: Derivation of F;, and Z, (3)

Now substitute 1n the expression for optimum generator resistance.

- - v~ S,
Goin = (SEn - (Im(SEn[n )) /Sln )\/ — ~y 7~
5, —(mS, )HJ /5,

~ ~ )~
~ |5, —\Im(S /S ~
+S,n\/ o), +2-Re(S},,)

S;

G =4kT(F

min

~ o~ ~ ) \1/2 ~
_1):2(SEnSln —(Im(SEn,n)) ) +2-Re(S; ;)

~ o~ ~ ) \/2 ~
Foo=1+ (SE,, S, = (Im(SEnln )) ) +Re(S; ;)
2kT

minimum noise figure !
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