RF transistor mini project 1, updated 11/8 class. Save all graphsin a

separate folder or paste them in a document.
Tuesday, November 06, 2012 6:07 PM

1. Using the verilog-a Mextram transistor model, run s-
parameter simulation to generate the following
frequency dependence plots from 10MHz to 10GHz,
for VBE=0.5, 0.85 and 0.9V. Set VCE=5.0V. You can do
this with calculator or ocean script.

a. All of the 4 y-parameters, real and imaginary part,
versus frequency. Use a new subwindow for each
parameter, i.e. you use 8 subwindows.

b. Repeat the above plot with log scale frequency

c. Real and imag S11, S21, S12 and S22 versus
frequency.

d. Repeat the above plot with log scale frequency

e. S11 and S22 on Smith chart. S21 and S12 on polar
plot. Move cursor and observe how the value of
S11 and corresponding r and x values change with
frequency.

f. Real and imag of zs11 - with zs11 defined as the
impedance corresponding to a reflection
coefficient of S11.

. Mag(h21*frequency) versus frequency

. Real and imag of the Y21/Y11 ratio.

i. Real and imag of h21. Compare this with Y21/Y11
ratio.

j. Plot out the mag of all s-parameters versus linear
frequency on the same plot.

> 0Q

2. In "sp" analysis, set frequency to 3GHz. Sweep VBE
between 0.75 t0 0.9 in 15 steps. VCE=5V. Plot out
mag(h21), db20(h21), ft. and mag(s21), db20(s21) as a

RF Page 1



function of VBE.

. Place two identical transistors in parallel. Re-run your
frequency dependence simulation at the same VBE=
0.85V, VCE=5V. Overlay the Y-parameter plots
obtained using a single transistor and 2 transistors.
Verify that all of your Y-parameters are exactly
doubled.

. Plot out ft-VBE for single transistor and double
transistor.

. (newly added 11/8 class) for the same transistor you
have been using, create a ADE state that simulates ft
calculated from mag(h21)*f at 2GHz versus mult for
IC=3mA, VCE=3V. Your multi is a design variable, and
should be swept from 0.1 to 5 in 10 steps. Change
your "sp" analysis to sweep frequency from 1GHz to
3GHz using 3 steps to keep data file small. Use the
technique we described today to hold your current
constant as you change size. How much did your ft.
change over this large size change?

Below is a sample result of mine, | also checked
"noise" in "sp" analysis. Here | plot out minimum
noise figure Nfmin at 2GHz, and ft versus mult (size)
for a fixed IC. | also showed the actual IC measured at
the collector - it is indeed very close to our intended
IC, and is practically held constant as mult is swept.
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As you increase mult from 1 to 3, ft. decrease from
8.9GHz to 8.2GHz, however, Nfmin decreases from
2.5dB to 1.7dB, a much bigger change.

This type of plot is extremely useful in design of low-
noise amplifiers. | also plotted out Ropt - the noise
matching source resistance, just ignore that if you
have not come across it before in circuit classes.

Required for tcad2 group students, optional for others -
this will take a bit more time

1. Plot out 1/(2*pi*ft)-1/IC for VCE=5V. Determine the
forward transit time tau_f.

2. Plot out ft-Ic for single transistor and double
transistor.

3. (added 11/8) using the new circuit technique, sweep
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IC and produce a smooth ft.-IC curve that covers the
rise and fall of ft. nicely. Do this for multiple VCE=1, 3
and 5V. Your curves should look like this:

1 vademoxlforceic_spara:l [

Mame IVisiIC

rrrrrrrrrrrrrrr[rrr1rrrrrrrrrrrjp
75 10,0 125 150
IC im)

RF Page 4



RF LNA design mini project 11/13/2012

Tuesday, November 13, 2012 5:34 PM

| have given you the LNA schematic. You can modify
yours or use this one as is.

Use the same transistor you have been using.

Follow the case study we went over today to design a
2GHz LNA with 3mA current constraint. Set VCE=3V.

| just found out there is no way to construct a complex
waveform from two real waveforms in cadence. So you
cannot write yopt = gopt + j*bopt.

Cadence gives you gopt and bopt. You need to calculate
ropt yourself.

What | did is define an output "bopt" as:

| getDataf/Bopt” Presult "sp_noise"]

Then "gopt" as:

getDatal/Gopt" 7result "sp_noise")

From these two, calculate "ropt" which is real part of
zopt = 1/yopt = 1/(gopt + jbopt)

| fuopt / ((gopt™=2) + (bopt=~2))]

Read today's notes. You will find the 3 steps leading to a
good design.
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1. Sweep "mult"” to set ropt=500hms
2. Sweep "Le" to set zs11r =1 (normalized)
3. Sweep "Lb" toset zs11i=0

Remember to check 'noise’ for "sp" analysis.

Below is a screen shot of my "sp" analysis for sweeping
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Go ahead and give this a try. You can in principle turn this
into your final project.
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Linear 2-port parameters
Saturday, October 27, 2012 9:28 PM
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Figure 5.9 (a) Y-, Z- or H-parameters describe the relations among terminal cur-
rents and voltages of a linear network. (b) S-parameters describe the re-
lations between the voltage waves, defined as independent linear com-
binations of terminal currents and voltages.
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rfhe Y -parameters can be determined using short-circuit terminations at the input
or the output.

(F)= (i =) ()

Hyy 1s essentially the input impedance with the output short circuited (V> = 0),
and H,; is the current gain I, /I, with the output short circuited. Hy; is used to
extract the base resistance, and H>| is used to extract fr. Measurement of the
H -parameters involves setting {1 and V3 to zero.
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5.4.4 S-Parameters

At high frequencies, accurate open and short circuits are extremely difficult to
achieve because of the inherent parasitic inductances and capacitances. Conse-
quently, the device under test (DUT) often oscillates with open or short termina-
tions. The interconnection between the DUT and test equipment is also compara-
b[le to the wave length, requiring the consideration of distributive effects. Because
of these practical difficulties, S-parameters were developed and are almost exclu-
sively used to characterize transistor RF and microwave performance.
S-parameters contain no more and no less information than the Z-, Y-, or
H -parameters introduced above. The only difference is that the independent and
dependent variables are no longer simple voltages and currents. Instead, linear
combinations of the simple variables are used to produce four "voltage waves,"
which contain the same information since they are chosen to be linearly indepen-
dent. These combinations are chosen such that they can be physically measured
at high frequencies using transmission line techniques. One can understand this
formulation as a simple transform of the Y-, Z- or H-parameters into a new form,

just like one can transform an impedance 6 a voltage reflection coefficient I

(5.30)

where Zp is a characteristic impettance—Such a transform from £ to I is extremely
useful in studying transmission lines, and the various definitions of two-port pa-
rameters provide a similar utility.

The newly defined voltage wave variables ay, by. a2, and b7 are shown in Figure
5.9(b), where a indicates incident, and b indicates reflection or scattering. The
waves are related to port voltages and currents by

i+ 4ol

o = (5.31)
REVAY
Vy — Zof
by = —2L (5.32)
REVIAY
Vy + Zols
@ = A_ (5.33)
REVAY
Va - Zols
py = 22072 (5.34)

) 24/ Zy
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The voltage waves are defined using voltages and currents for a characteristic
impedance Zp, similar to the definition of I" in transmission lines. These voltage
waves are not "voltages” per se, but voltages normalized to a 2\4/}2_(] term such that
when squared they have dimensions of power. The voltages a; and a2 are called
the incident waves, and b; and b; are called the scattered waves. The scattered
waves are related to the incident waves by a set of linear equations, just as the port
voltages are related to the port currents by the Z-parameters

by S Sz [fa
(52)_(521 522) (f’z)' 5-3)
N

The coefficients of these relationships are the S-parameters. One can mathemati-
cally prove that the resulting .S-parameters are unique for a given linear network,
just as they are for the Z-, Y-, and H -parameters.

The measurement of S-parameters involves setting @) and az to zero, which 1s
easily accomplished by terminating the ports with Zy. For instance, to set az = 0,
we terminate port 2 with Zy. As a result, v, = -1, 7, and thus a; = 0 according
to the definition of az. Using the definitions of a; alE«b[. S'11 15 then obtained as

h_WV-hZy _ Ziww—%
ap. Vi+hZy Zigo+ Zy

Sn= (5.36)

where Zip0 = V1 /1) 1s the input impedance with Z; = Zj. We see then that Sy,
is therefore simply the reflection coefficient corresponding to the input impedance
when the output is terminated with Zy. The required condition for S-parameter
measurements i1s hence termination with the proper characteristic impedance, just
as for short-circuit termination for ¥ -parameters, or open-circuit termination for
Z -parameters. Similarly,

b Va— 122 V> | %]

S TVEnhZ, ViehZy oV

(5.37)

where V; = V| + [ £y 1s equal to the source voltage if a source impedance Z; is
chosen to be Zy, as illustrated in Figure 5.10. We note that Z, = Zj 1s indeed
used in practical S-parameter measurements. We see that S5, is simply twice the
ratio of V,, to V; for a Zy source and a Z; load. This relationship provides a
simple means of calculating S5 and S using the transistor equivalent circuit, and
understanding the physical meanings of 52 and 57 in terms of impedance and
voltage gain, which are familiar to analog designers. Another physical meaning of
831 15 that |57 |1 gives the transducer gain for a Zy source and Zy load.
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Figure 5.10 A simple method of calculating §; and 52;. With a Z drive and a
Zp load, 57 is the input reflection coefficient looking into port 1, and
871 1s twice the voltage gain V5 /¥,

The measurements of 55, and 5, are similar. We terminate port 1 with a Z
load, and drive port 2 with a Zy source. S is essentially the output reflection
coefficient looking back into the output port for a Zy source termination, S)2 1s
the reverse gain, and |5;2|? is the reverse transducer gain for a Zj source and a Z
load.

Because of their intuitive relationship to the reflection coefficients, 5j; and
S22 are conveniently displayed on a Smith chart, while 83 and 52 are typically
displayed on a polar plot. Figure 5.11(a) and (b) show an example of the 5| and
551 measured from 4 to 40 GHz for a 51Ge HBT. Two collector currents of 1.26
mA and 25.0 mA are shown, with Vocp = 1 V. We see that the 57 for a bipolar
transistor always moves clockwise as frequency increases on the Smith chart. The
511 data at higher I~ in general shows a smaller negative reactance, because of the
higher EB diffusion capacitance. The 5>) magnitude decreases with increasing
frequency, as expected, because of decreasing forward transducer gain, while 53
1s larger at higher I because of the higher f7 at that bias current. It follows from
the above discussions that the S-parameters of a SiGe HBT will intimately depend
on the transistor size, biasing condition, and operating frequency.

=D.5:c2mc2_1|.|rn=. SiGe HET @q_am um? SiGe HBT
=]
18

Figure 5.11 Example plots of {a) 51 and (b) 57; measured data for a SiGe HBT.
Two traces are for I = 1.26 and 25 mA, with Veg = 1 V. The
frequency range is from 4 to 40 GHz, and Ap = 0.5 x 20 x 2um?.

2= =
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s-parameter simulation and measurement
Tuesday, October 30, 2012 9:38 AM

We need to combine dc bias with RF excitation using bias
tees - essentially an inductor that passes DC and blocks
ac (RF), and a capacitor that passes RF and blocks dc.

Copy the vademo folder from /scratch/8710/cadence

To your own SHOME/cadence folder or another folder (if
so, modify the cds.lib after copying)

Open terminal

Then go to (cd ) that folder of yours, type "source
cadenceb"”

Then type "virtuoso" on command line.
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Pay attention to the "PORTO" and "PORT1" - they are
from the analoglib, under sources.

Specify the port number as "1" and "2" for the input and
output ports. An example is shown below:
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Then you can set up "sp" analysis for s-parameters:
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You can type in or select from schematic the ports, for
most part, we specify two ports.

A frequency sweep is basic, of course, you can sweep
other parameters like you did before.
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Plotting and understanding transistor s-parameters
Thursday, November 01, 2012 9:46 AM

You can of course use the GUI to manually do plotting.
Problem is that Cadence does not have a nice way of
keeping all of your plot settings so you can reuse them
when you run a new simulation.

Other tools like Agilent does better in this regard.
However, verilog-a support is much better in cadence,
also many design kits support cadence (there is ADS link
too but that requires additional kit support you often do
not have)

Cadence has scripting, so you can use ocean - but it is
difficult for the average user, they are designers not
programmers.

| experimented with it and came up with a piece of ocean
program for teaching - you should find this useful for

research too.

From the menu of the very first "virtuoso" window,
"Tools-Skill IDE"
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Eile Edit Tools Options Dehug Window Help cadence

Lk el ; # Search B B
sepsi 1 Braoodod o q eeweisz 50 |5 =

[ [Top-Level # 1

Then "File -> Open" to open the only plotbjtspara.ocn in
the folder that you copied from me.

| wrote it so it will work with both cadence ic5 and ic6.
Also | wrote it in a way that allows you to copy these
expressions into your "Outputs" or "calculators" - so
some expression options may seem unnecessary if you
just use it for ocean.

You will see that | made conversion between reflection
coefficient and impedance in two occasions.

1. S11 - | created "zs11" - which is the normalized
impedance for a Gamma = S11. | plot out S11 on
"Smith" chart, and then plot out real and imag of
zs11.

a. Look at both plots together, use cursor to move

RF Page 18



along data on Smith chart, observe the "r+jx"
number the program reports.

b. Compare that with what is on the real(zs11) and
imag(zs11) vs freq curves. You will find they are
consistent

2. H11 - h11 is the input impedance for an output short
circuit termination. So | convert H11 to a reflection
coefficient "gh11" so that you can then plot it on

Smith chart.

a. Move cursor along data on smith - watch the
"r+jx" output, compare that with your own
plotting of real and imag of h11, well you can
normalize to z0 easily for exact apple-to-apple
comparison

3. Try to compare S11 and H11.
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Current gain with output shorted and fT

Saturday, October 27, 2012 9:37 PM

5.3.1 Current Gain and Cutoff Frequency

The high-frequency current amplification capability of a 51Ge HBT is typically
measured by the small-signal current gain for a shorted output termination (i.e.,
h31). Imagine driving the base terminal with a small-signal current iy, = ige/®, and
now short-circuit the output (collector), as shown in Figure 5.3. The node voltage
vy then equals

1 .
" e + joAChe + Co) (54)
EJ C i 2
B r be C
% b b <\‘J='
O—AAA IS O
Vi l Cp = Epe ,l, | 8wV l/ Vs
O O
E 1 E

Figure 5.3 Equivalent circuit model used for the h,; derivation.

_ o
,Y5~J

The effective capacitive load for the input due to Miller capacitance Cy, is still
Ch. because of the "zero” voltage gain resulting from the short-circuited output.
Because the reverse-biased CB junction capacitance is far smaller than the forward-
biased EB junction capacitance, we can neglect its contribution to the output cur-
rent i,

| & . U
g T = . 5.5
e EmV Bbe + jw(r—_-'be + Cb:'}Ib b ( J
Therefore, we have
_ v
hy = < L P (5.6)

i lv=0 gpe+ jeo(Che + Che) 1+ jar(Che + Che)/gbe

Note that s, 1s constantlat low frequencies, and then decreases at higher frequen-
cies. Obviously, the imaginary part increases with w, and dominates at high fre-
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cies. Obviously, the imaginary part increases with w, and dominates at high fre-

quencies. Under these conditions the above equation becomes l‘}—(— -

AR
= ——"—— v (5.7)

~ j0(Ce + Cpo)’

which is equivalent to

(5.8)

\L/ (5.9)
Thprodum is a constant over the frequency range where these assump-
tions hold. 1s constant 1s referred to as fr, the transition frequency, or more

commonly, the cutoff frequency. In practice, fr is extracted by extrapolating the
measured |h21| versus frequency data in a range where a slope of -20 dB/decade 1s
observed. The frequency at which the extrapolated |h;;| reduces to unity 1s defined
to be fr (i.e., the unity gain cutoff frequency ). Practically speaking, the extrapola-
tion is necessary here because we are usually not interested in operating transistors
at the frequency of unity current gain, which can be different from the extrapolated
fr. depending on parasitics and other factors. Instead, we are interested in the gain
available at much lower frequencies where the current gain is much higher than
unity. In the frequency range where |h2;| rolls off at -20 dB/decade, |hz1| can be
easily estimated as fr/f. !

State-of-the-art SiGe HBTs exhibit fr values above 200 GHz [1], which 1s
much higher than the operating frequencies of the bulk of existing wireless sys-
tems, which are typically below 10 GHz. In this case, caution must be exercised
in estimating |h2;| from fr, because the operating frequency f may be below the
frequency range over which |[hz; % f] = fr. In this case, we then need to resort
to (3.6) which applies to all frequencies below fr and can be rewritten as follows
using (5.9)

s

= —— 5.10
2= T 10
i

Here, |h21] is equal to § at low frequencies, reduces by 3dB at f = fg = fr/f. and
then drops off with increasing f at a theoretical slope of -20 dB/decade. Hence, for

"We note that for the very high fr 8iGe HBTs being realized today (200+ GHz), instrumentation
limitations place a practical upper bound on directly measuring fr in any case, since the highest
reliable measurement frequencies are in the 110-GHz range for commercially available test systems.

RF Page 21



a 5iGe HBT with fr = 100 GHz and § = 100, the 3 dB frequency is f5 = 1 GHz.
For a design frequency of 2 GHz, which is close to fg. (5.11) needs to be used for
|h21] estimation nstead of fr/f. Figure 5.4 shows an example of measured h2;
versus frequency from 2 to 110 GHz for a $iGe HBT. The extrapolated f7 is 117
GHz. A noticeable deviation from the 20-dB/decade straight line fit is observed
below 7 GHz, necessitating the use of (5.11) for hz; estimation. Note as well that
a deviation from the 20-dB/decade slope is observed above 40 GHz.

+ Iyl

Ihy, | (d@8)

f=115.7GH

1 L L
1o i w
frequency (GHz)

Figure 5.4 Measured |hz1| versus frequency for a state-of-the-art SiGe HBT.
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Ft extraction from h21 - frequency curve and how to plot ft-IC

Friday, November 02, 2012 5:56 PM

Look for a region where magh21 (mag of h21) *

freq is frequency independent

Choose a freq point from this region, the magh21 *

freq product is ft.

use "Y vs Y" from menu to make ft-IC plot rather

than ft-vbe plot:
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We then have ft-Ic plot:
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‘ no error

With a bit extra work in the "Outputs setup", we
can add units and suffix to our like, e.g. using GHz
for ft. and using mA for IC

This gives us a nice summary of our h21 and ft.
data:
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You can also inspect db20(h21) vs log scale freq,
and identify the 20dB/decade slope:
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Ft from h21 and ft from OP point (approximate)

Saturday, November 03, 2012 3:20 PM

We can compare the ft. obtained from h21 (sp
analysis) with the ft. obtained from dc operational
point analysis (remember we did that first?)

They are not exactly the same but close.
Also the way we determine ft. should be changed

"improved" to make a more fair comparison with
the ft. from OP.

valuei{magthp(2 1 ?result "sp")) " xvalthp(2 1 ?result "sp"1)) VAR("fextract™))

2
rr r. . .  r~... ~ . ~ [ 1 111 Tt T T T [ T T T T T T T T T 1

7500 “200.0 825.0 ®850.0
vbe (m)

a0, 0

=
=
Y
=
(]
U
=
=)
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Ft and current density
Saturday, October 27, 2012 9:40 PM

5.3.2 Current Density Versus Speed

The fundamental nature of SiGe HBTs require the use of high operating current
density in order to achieve high speed. The operating current density dependence
of fr is best illustrated by examining thlz: inverse of fr using (3.9)
| Cbe + Cbc
zxf']' Em

(5.12)

Since Cpe = gmTf + Cre. Coe = C,C and g = gl /kT, (5.12) can be rewritten as

C
Tey© L, LT 1.
““\ﬁ e\ F " T ’
where C; = Ci. + (.. Since both €, and

fe are propcrtlonal to emitter area, E
(5.13) can be rewritten in terms of the biasing current density J¢ as

Tern’ L_rﬁnc (5.14)

Te \27f1) & 4l

where C] = C, /A is the total EB and,EB de;\etion capacitances per unit emitter
area, and Jo = Ic/AE is the collector operating current density. Thus, the cutoff
frequency fr is fundamentally determined by the biasing current density J¢, inde-
pendent of the transistor emitter length. For very low J-. the second term is very
large, and fr is very low regardless of the forward transit time 5. With increasing
Jc. the second term decreases, and eventually becomes smaller than t7. At high
Je, however, base push-out (Kirk effect, refer to Chapter 6) occurs, and 7y itself
increases with Je, leading to fy roll-off. A typical fr versus J characteristic is
shown in Figure 3.5 for a first generation S1Ge HBT.

The values of ry and C, can be easily extracted from a plot of 1/2x f1 versus
1/J, as shown in Figure 5.6. Near the peak f7. the 1/2x fr versus 1/J¢ curve
is nearly linear, indicating that C] is close to constant for this biasing range at high
fr. Thus, C; can be obtained from the slope, while 75 can be determined from the
y-axis intercept at infinite current (1/J¢ =0).

To improve fr in a 5iGe HBT, the transit time 7 must be decreased by using
a combination of vertical profile scaling as well as Ge grading across the base. At
the same time, the operating current density J¢ must be increased in proportion in
order to make the second term in (5.14) negligible compared to the first term (7).
That is, the high fr potential of small 7, transistors can only be realized by using
sufficiently high operating current density. This is a fundamental criterion for high-
speed 51Ge HBT design. The higher the peak fr. the higher the required operating
J. For instance, the minimum required operating current density has increased
from 1.0 mA/um?” for a first generation $iGe HBT with 50-GHz peak fr to 810

fr (GH2)
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Figure 5.5 A typical f;r — Jo behavior for a 5iGe HBT.

mA/pm? for >200-GHz peak fr third generation SiGe HBTs [1]. Higher current
density operation naturally leads to more severe self-heating effects, which must
be appropriately dealt with in compact modeling and circuit design [2]. Electro-
migration and other reliability constraints associated with very high Jo operation
have also produced an increasing need for copper metalization schemes.

In order to maintain proper transistor action under high J- conditions, the col-
lector doping must be increased in order to delay the onset of high injection ef-
fects. This requisite doping increase obviously reduces the breakdown voltage. At
a fundamental level, trade-offs between breakdown voltage and speed are thus in-
evitable for all bipolar transistors (Si, Si1Ge, or 111-V). Since the collector doping
in SiGe HBT is typically realized by self-aligned collector implantation (as op-
posed to during epi growth in -V}, devices with multiple breakdown voltages
(and hence multiple fr) can be trivially obtained in the same fabrication sequence,
giving circuit designers added flexibility.

Another closely related manifestation of (5.14) is that the minimum required
J to realize the full potential of a small r transistor depends on C]. Both (],
and C}, thus must be minimized in the device and are vsvally addressed via a
combination of structural design, ground-rule shrink, and doping profile tailoring
via selective collector implantation. This reduction of C}, is also important for
increasing the power gain (i.e., maximum oscillation frequency — finax ).

SiGe Control
Ag=0.5x2.5um?

1/2nt; (ps)

C'=slope/V,=0.01507 pFfum?_|

11=2.9383 ps N
|

0 5 10 15 20 25 30
1/ (um?/mA)

Figure 5.6 [llustration of C] and 77 extraction in a SiGe HBT.
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1/(2pi*ft) - 1/Ic

Saturday, November 03, 2012 3:23 PM
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Tauf versus phi_t/IC

Saturday, November 03, 2012 3:25 PM
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Base resistance extraction using h11 semi circles
Saturday, October 27, 2012 9:41 PM

5.3.3 DBase Resistance

Observe that the base resistance ry does not directly enter the hz| expressions,
simply because ry, is in series with the ideal transistor (without ry). In practice,
however, r limits transistor power gain and noise performance, because it con-
sumes input power and produces thermal noise directly at the base terminal, the
worst possible place for the location of a noise source! As a result, minimization
of the various components of the base resistance is a major challenge in S1Ge HBT
structural design, fabrication, and process integration. The base resistance i1s a key
parameter for both process control and circuit design, and deserves careful atten-
tion. Unlike many bipolar parameters, base resistance is particularly challenging
(and|time consuming) to extract in a robust manner.

A popular technique to extract rg is to use the input impedance with a shorted
output, which by definition is equal to sy, An inspection of Figure 3.3 shows

1
Iy = Zinly=o = rs + ————.
11 = Zinlv=0 U irwrre
Ci = Cpe + Cie. r = (5.15)

The real and imaginary parts of hy| are

x=Rthy)=rp + ,,gibeq
o~ = g+ (wG)?
C;
y= 80 = —————. (5.16)
N gy + ()

Using (5.16), one can easily prove that the prdered pairs at different frequen-
cies form a semicircle on the complex impedance plane

-

(x—xoj"+}-'1=r2, (5.17)
xgp=rp+ 1/2g;, r=1/2gp..

The (x. y) impedance point moves clockwise with increasing frequency. The base
resistance 1s then determined to be the high frequency intercept between the fitted
impedance semicircle and the real axis, which appears on the left. This is the so-
called "eircle impedance” base resistance extraction method. In the above analysis,
the emitter resistance r, is neglected for simplicity, but it can be shown that the
extracted ry 1s actually the sum of the transistor rp and r,. Figure 5.7 shows an
example of such an rp extraction for a typical first generation SiGe HBT with an
effective emitter area of 0.5 x 40 Ju'mz. The hy, data was measured from 0.5 to
15 GHz in order to make a meaningful fit to a semicircle. Choosing a proper
measurement frequency range is important in reliable ry extraction, as can be seen
from Figure 5.7. In this case, had we used a frequency range of 15-30 GHz, the
data would have formed only a tiny portion of the semicircle, making fitting and rg
extraction much more difficult. Deviation from circular behavior is often observed
at frequencies close to fr. and those data should be discarded in the rp extraction.
Given the I dependence of fr, the frequency range over which ry extraction 1s
made can be varied with [~ to order to obtain an accurate I~ dependence of ry,
which is needed in compact modeling.

RF Page 31



semi-circle fitting

Example:

—goot
—000}
_1‘}00 1 1 /W 1 1
0 200 400  \Usoo 800
Re(h, ) (Q)
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Figure 5.7 Extraction of ry using the circle impedance method. The measured hy
data forms a semicircle. The frequency increases clockwise.

Simulate the h11 behavior for currents around peak
ft. of the bjt504 device you have been using.

Plot out Imag-Real h11 as shown below.
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Of course with all the parasitics, the simulated h11
does not precisely follow our first order derivation,
but it shows the overall behavior nicely. It is indeed

In this simulation, frequency is from 1MHz to



File Edit Frame Graph Axis Trace Marker Zoom Tools Help
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@ > graph2. axis X0 selected: double-click to bring up attribute dialog.

In measurement, it is typical to go from 2GHz to
10GHz (or 26GHz, 40GHz).

Can you explain why at seveal GHz, real(h11) is
nearly a constant, while imag(h11) is very small?
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h11

Tuesday, October 30, 2012 8:54 AM

The real part of zs11 first. Now we add more VBE's.
Zoom in plots to show higher freq behavior of real
& imag hl1l

b1 Window 130 ] Window 131 1 Window 132 B Kl window 133 L] Window 134 1 Window 135 ] wWindow 136 ] Window 137
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1000
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mouse L:
A6(19.3) | RME zoom reset to =y mode.
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H11 and s11 comparison
Saturday, October 27, 2012 10:28 PM

Let us compare s11 and h11l by converting h11l to a
reflection coefficient

Graph Window 73

i PAIIPS.. A vy £ o7 7 | et *
File Edit Frame Graph Axis Trace Marker Zoom Tools Help
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Some papers use s11 instead of using h11 to extract
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S11, real-imag plot:
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S11 behavior - this also helps you understand smith chart

Real - Imag plot:
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At 10GHz:
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= Graph Window 2
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Note: r=0.723, x=-0.2629

We can calculate zs11 by converting s11 to normalized
impedance, zs11 = (1+s11)/(1-s11), then looking at real and
imaginary part. Let us look at the real part of zs11 first. | have set
cursor to 10GHz, see lower left corner:

_____Graph Window 2
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@ > graph3 selected:

freq Hz)

idouble-click to bring up attribute dialog.

109

Now the imaginary part, again, note the lower left corner display
of imag(zs11):
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Frequency response of s11 and h11

Saturday, October 27, 2012 9:22 PM

Move cursor and demonstrate the meaning of s11 on

smith chart using zs11 = (1+s11)/(1-s11)

Explain why above 2GHz, real part of zs11 - essentially
the "r" value of s11 on smith chart is nearly constant in

transistors.
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h21

Saturday, October 27, 2012 11:37 PM

Use db20() function.

Also often itis best to use "Iog for freq axis.

File Edit Frame Graph Axis Trace Marker Zoom Tools Help
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Low-frequency, h21 is flat.
High-frequency, it drops.

The slope is -20dB per decade increase of
frequency.

In this region, h21 * f = constant, or ft.
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@ > Left mouse click 1o place marker.

In 1C615, see the marker | made at 100MHz and

[
Bl

1GHz, and observe how the y-value differs by about

20dB for 1 decade increase in frequency
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S21, polar, mag, and db20

Sunday, October 28, 2012 5:13 PM

Recall that s21 itself is a voltage gain, so db20 is

z0 load divided by power available from a z0
source.

Polar showing magnitude and phase:

taking db) on polar plot that shows magnitude and
phase:

Z-Parameter Response
Mame

.l S21

Tracking info

fo 50

180 ) 180
Real +Imag 143.49 + j243.933
Gamma  283.007, 595345 ¢
. W
Za -56.8497 + 17872 | () .

Y4 -40.0205 - j12.581
Freguency 1.99526e+09 Hz

Reference point values \ /
Real +lmag 0 + J0 v -

Gamma 0, 0degs _ visi \\ /
s

power gain - more accurately, power delivered to a

It is typical to plot the original s21 number (without

Note that at very low frequency, the phase is 180
degrees, as the amplifier is inverting (180 degree
phase diff)
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Db20

Use db20(s21) to show its db value.
To just show the magnitude, we can take db20, and
use log scale for frequency axis:

dbisp(? 1 ?result "sp")) Sun Oct 28 17:20:34 2012
| Wiz |

20.0

B 521 dB2Z0 &

=
£
™
m
o
;
LA

5.0
freq (GHz)

Db20 with log freq axis
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-10.0

Like h21, there is 20db/decade slope at high
frequency.
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Comparing h21 and s21

Tuesday, November 06, 2012 10:24 AM
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s12

Sunday, October 28, 2012 5:23 PM

S12 is reverse transmission coefficient - for transistors in
forward mode, this should be small.

To show this we plot out s21 and s12 in db20 together:

S-Parameter Response
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Transistor s-parameter analytical calculation and intuitive
understanding
Sunday, November 04, 2012 2:31 PM
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Numerical example of a medium current RF transistor
Sunday, November 04, 2012 2:43 PM
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Numerical Example of Lower Current RF Transistor
Sunday, November 04, 2012 2:45 PM
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Bias dependence
Sunday, October 28, 2012 7:29 PM
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s11

Sunday, October 28, 2012 7:29 PM

Recall frequency dependence of s11 on smith:

V1 wvademohjts0d_sparal B K1 vademoohjtSod_spara:z

Mame —|Vis|Ctee |

L s11 @ 008 /Jl\
Tracking info

- o (1 & Nomalize

Real +lmag 0.731554 + j0.457035
Gamema 0.914053, 30.0043 degs
£d 0651808 + j3.622¢2

¥d 0.04572171 - 0267416
Freguency 1e+08 Hz

Reference point values

Real «lmag r +ji

Gamma  mag/ angle ¥ visible

£d W+ s  visible
¥d Y » visible
WEWR: scalar o visihle

Now let us sweep bias (vbe) for a frequency of 2GHz - a
useful frequency for cellular and wifi
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Il vademo:bjt504_spara:i I

Tracking info

fo 50 ) & Mormalize

vademo:hita0d_spara:

MName —|Vis|ctee |
Lo s @& 008

Real +Imagy -0.6E5203 - 0423643
Gamma 0.788653, -147.508 degs
£d 0126042 - j0.266958
¥d 1.29653 + j2.90601
Sweep 0.545

Reference point values

Real +Imag r+]ji

Gamma magy fangle » visible
£d X » visible
Ya X » visible
WEWR: scalar » visible

a

nmouse L:

Based on your understanding of s11 and transistor

equivalent circuit, can you figure out which end of the
curve is higher vbe?
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S11s22s21ands12

Sunday, October 28, 2012 8:03 PM

which end is high vbe based on your
understanding:

Kl vademobjts0o4_sparal £

Vbe dependence of all s-parameters, see if you
can tell what is what, and which end is low vbe

S-Parameter Analysis ‘sp” freq = 2 GHz, vbe =
(750e-03 -» 850e-03)
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Sweep 085
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S-Parameter Analysis
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Yd
VSWR

X+ |w

. jw

scalar

e

e

Z4 X+ W
Yd K+ W
VSWR scalar
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Magnitude of all s-parameters vs frequency
Sunday, October 28, 2012 9:19 PM

At useful biases (not too far from peak ft.), if transistor is
not too small, the magnitude of all s-parameters vary
with freq like shown below.

Here I'll first show the values of all s-parameters without
taking db20, but I'll use both log scale and linear scale for
frequency,

Kl window 20 B 1 Window 21

S-Parameter Analysis sp" freq = (1 MHz  Sun Oct 28 18:43:25 2012 S-Parameter Analysis sp” freq = (1 MHz  Sun Oct 28 18:43:25 2012
-» 10 GHz) -» 10 GHz)

lame [Mis | , ”m" "
[ ——

5.0
freg (GHz)

1 []5
freq (Hz)

Your mag S21 can be easily larger than "1" at low
frequency, and in general decreases with increasing
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frequency
Your mag of s11 and s22 should in general be less than
"1" - on smith chart, it is within the r = 0 circle.

Your mag s12 should in general be very small, much
smaller than s21.
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sl1

Sunday, October 28, 2012 10:37 PM

¥l Window 43 B Kl window 45 1 Window 46 1 Window 47 1 Window 48

S-Parameter Analysis ‘sp' freq = (1 MHz -» 10 GHz)

i\iisivbe

100

SO0

g0
freq (GHz)
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Frequency dependence with bias sweep
Sunday, October 28, 2012 10:37 PM
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Gamma(h11l) and s11

& _______ \Nirtuoso (R) Visualization & Analysis XL~~~

File Edit Yiew Graph Axis Trace Marker Measurements Tools Window Browser Help C é dence
¥ Dj b4 L ayout|&uto nSubwindows: Subwin(z) n Woarkspace: | Classic |:E‘_'_J @J

g 0 &8 g g i Data Point ML N UNE .

1 Window 43 1 Window 45 Tl Window 48 B Kl Window 47 1 Window 48

5.0 .5 10 2, 5.0 .5
freq (3) freq (GHz2)
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db20(h21)

Sunday, October 28, 2012 10:39 PM

1 Window 43 Il Window 45 1 Window 46 1 Window 47 B ] wWindow 48
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S21 and db20(s21)

Sunday, October 28, 2012 10:39 PM

1 window 43 Il Window 45 L1 Window 46 Il Window 47 Y windowas @

S-FParameter Analysis ‘sp': freq = (1 MHz -» 10 GHz)

10.0

10,0
[TITTTIT T I IT T I AT T T I T T IT[TT T rITr]
5.0 7.5 10 0.0 2.5 5.0
freq (GHz) freq (GHz)

mause L: kel R:
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Transistor sizing - how to choose my transistor size
Tuesday, October 30, 2012 9:37 AM

For the same VBE, current density is the same.

If you put two identical transistors in parallel, for the
same voltage, all currents are doubled.

So all conductance/admittance will be doubled (2x) - e.g.
all of your y-parameters.

All resistances/impedances will be halved (1/2x) - e.g.
h11, all the your z-parameters.

If you heard of noise matching admittance Yopt and
noise matching impedance Zopt, they also obey the same

rule.

All current gains remain the same, e.g. h21 which is a
function of current density, or VBE.

For bipolar transistors, changing size typically means
changing the emitter length and/or the number of

emitter fingers.

Of course, it is possible to use parallel connection of
multiple unit transistors.

Your s-parameters, however, do not have a simple
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scaling rule, simply because it involves not only voltages
and currents, but also a reference impedance Z0.

So if you have a device that is too small or too large, its
s11 can be too close to "OPEN" circuit or "SHORT" circuit

in comparison to Z0 (50o0hm).

You always want to measure devices with "reasonable”
size, meaning, not too far away from 50 ohmes.
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Real(y21) imag(y21) scaling example

Sunday, November 04, 2012 10:23 PM

Same VBE, we set the "mult" parameter of our verilog-a
model. Mult=2 is equivalent to 2 devices in parallel,
mult=3 means 3 in parallel.

1l vademoxbjt504_sparal [

y2lr

25.0
0.0

-25.0

E -50.0

-56.48408m

-75.0 T
-84.72612m

-100.0

150.0
125.126m
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1 vademoslbjts04_spara:l

8- yzii

@ y21r

@

[x]

200.0

150.0

125.126m

83.41731m

41.FIZZI:FSFSm

5.0
freq (G)
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h21

Sunday, November 04, 2012 10:37 PM

Same VBE. Mult=1,2,3, note that all three devices have

the same h21.

V1 wvademaoxl:bjts04_spara:1 1 Window 4 Pl Window 5

Sun Nov 4

B

Sun Mov 4 22:38:53 2012

-60.0

mouse L:
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ft.

Sunday, November 04, 2012 11:06 PM

We can repeat this for many other VBE's:

Sun Nov 4 23:00:40 2012

<

& 0
<

L
&
& 0
@ 0
& 0
@

& 0
& 0
L
& 0
& 0
&

&
& 0
& 0
@ 0
&
@

@ 0

2.0

mult

If we plot out ft.-VBE for the three mult values:
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L1 wademoxl:hjt504_spara:1 L1 window 4 Ll window s 1 Window 6 Kl window? B

Sun MNov 4

o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o

2.0

mult

We must realize that for the same VBE, all of the currents
increase linearly with multi.

RF Page 79



o
& 0
o
& 0
o
@ 0
o
>
.
Lo
o
L4
o
<
o
©
o
©
-
<
o
. 4

Now plot ft-Vbe for the 3 mult values:

V1 vademoxhjtsnd_sparal £

Marme iVisimuI] b I |+

mouse L: h: R:
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Ft-IC curve for multiple VCE

Sunday, November 04, 2012 9:58 PM

In general, for the same IC, a higher VCE leads to a higher
ft in high injection.

This is primarily due to suppression of high injection
effect.

1l wademoxlforceic_sparal [

Marme I\u‘isiIC

rrrrrprrrrrrrrrrrrrrrrrrr[rrrrjp
7.5 10,0 125 150
|1C (m)
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How to use IC instead of VBE as design variable
Often you want to use current as design variable.
How can we achieve this in circuit simulation?

What we have done is to use "YvsY" in plotting.
This does not always work.

Say you have to fix current at 3mA, and want to
find an optimal size that will give say lowest
minimum noise figure.

You may / can then need to sweep this current.
The circuit below allows you to do just that.

On the left is a circuit that produces the VBE
required for a given IC - which is specified using a

current source (10).

Think about how this circuit works.

Then this VBE is applied to our s-parameter
measurement circuit's base-emitter voltage dc
bias, via a voltage controlled voltage source (EO).

This can be a very hard to understand circuit.
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A famous circuit in analog is the "Wilson" current
source. It is a result of a competition between
two analog designers, Gilbert (yes the same
person in Gilbert mixer) and Wilson, in the 60s.

It was about trying to come up with a better
current source using only 3 transistors.

Wilson won.
Google "Wilson current source" for more info.

We cannot directly use that source as it still does
not allow us to set VCE.

So instead of using a real current mirror at the
bottom, we here use just an ideal current mirror
using CCCS - current controlled current source,
this way, we can use "zero" voltage for our
current "sensor".

There are a few other ways to make the circuit
recisely producing an IC that is the same as our
IC input current source, but | have had a very
hard time getting convergence.

| once got it to converge, but then lost it quickly.
But for our purpose, this works almost perfectly.
There is a small error of 2*IB, which means

2/beta in percentage.

Fixing VCB and IC at the same time, however, is
much easier.
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Wilson current mirror
Wednesday, November 07, 2012 9:29 PM

http://en.wikipedia.org/wiki/Wilson current mirror

= ’m T
v | §

f T
“l L Igy
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Circuit that produces the right amount of IC at given VCE

Design Yariahles

_ Mame | Valug
1 1C m

2 mult 1

Evce 3

Dc solution :
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_Environmen -T=1<p

utputs  Simulation Tools Help cadence
= Plot Qutputs »
Direct Plot ¥
B Print ’
e | Enable| S
wector » D Mode ¥oltages
Circuit Conditions .. DC Operating Points
Yiolations Display .. Model Parameters
Save .. Transient Mode Voltages ...
Select .. Transient Operating Points 8
Delete . et Mames
s | Printing/Plotiing Optians . Qomponent Parameters
lame/SignalExpr | Yalue| Plot | Sawve| Save Design QEf§Q|TS
¥ all Show Parasitics
all Hide Parasitics

You will find that for an input "IC" (10 current) of
1mA - (V4 current), and VCE of 3V, we obtain an
actual IC (flowing through VCE) of 986.8uA.

For voltage source, if the current shown is
negative, it means current flows out of the "+"
terminal.
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Now add dc voltages:

Now let us sweep the "IC" design variable, and
plot out the actual collector current at the "c"
terminal of bjt504.
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'l vademoxl forceicyz schematic B

DC Response
Mame

rr r. r... . .. . + r... v~ T r. v +.. + 111 *+ 1 ¢ TT 1+ 1 1T r T T 1 T [ T T T T T T T T
5.0
1C (m)
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Transistor noise parameters and LNA design - the short version
Monday, November 12, 2012 5:18 PM

I'll present here a short version of this complex topic.

We will use a fixed biasing current optimization as an
example and show how to do design using cadence.
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Noise parameters - short version
Monday, November 12, 2012 5:12 PM

Nose pavamelers porse & opH—
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Noise matching thru transistor sizing

Monday, November 12, 2012 5:16 PM

- %}6 a scq,(e_ Adovis— s 12LR_ 5%(/[1 ™
Yeise_ ww\zL g 7

Cs,opt = Rs
% L v
@ cheo & ’f"

|2 B opt
=
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Adding emitter inductor's impact
Monday, November 12, 2012 5:12 PM

Now Considur MUM? e —emitr indecd?
Lo F?ZJ_ daio-1 Lg

=2 %L o LaoobP
( ( i \ NF,. = N,
C"”’“‘o devie—
Rs‘ gX”t ~ KS.ﬂrt
(ombo - A&uﬁu\
—Hmaaj\ (jrsy Civenlt— ana a«;)’b R r\,
59%
s ﬂp'l': )<5&79t' — //H_E

LE Cat L}L GLLQV/V\ to /Wao(%c,e M /%mi- —2;7
KC(ZM):: W_(-Z_.. ﬁs

\l
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Simultaneous noise and impedance matching
Monday, November 12, 2012 5:20 PM

Can we possibly achieve noise matching and impedance matching
at the same time without increasing noise figure? - Yes.

Now Consider MUJ% e —omidr indaclvr
ot L

LonbP

ML new te 17

P /L L Jevivs—
=~ N,
(me, a(le/iuL
51 gﬂt ~ KS, T’t_

(}W\[oo
—HWMKP‘ (jnaay Civien T A.M’tf\

A@u&ug
[5 ) K V\,
Lom), desiv—

Xg,ﬂﬂi‘ ~ )<go7ot‘ — VJ\{—E
LE Cam L)L CJLQW/V\ to /7YP¢€"LC,2 M /79“;{- 72;7

Kﬁ(zfn7f— {/07—"[_— = ﬁs

5o He VQ"L /’W"{_ s l'W mwfﬂw (% "’WLM)
Comh Lomd, %
(Mk;[g, Hhe XS}”/’t so alse fhe ()(m )

LE ( — ;,z'/'m
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http://sdrv.ms/PGtOun
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Case Study of Device Circuit Interaction - Optimal Sizing Under
Fixed current (power consumption) for RF Low-Noise Amplifier
Design

Sunday, November 11, 2012 1:19 PM

A very important issue in IC design is to optimize size of
transistors.

For instance, in RFIC design, e.g. the LNA, amplifier transistor's
size can be optimized.

Consider 3mA, 3V VCE, for the same bjt we have been using, at
2GHz,

fricroprzginfmin2g
Name Vis

150.0
100.0

50.0

; 4.0
I nfmin2g |®

We sweep "mult" and plot out ft and ropt2g as well as
NFmMin2G
versus Mult.

Let us find the "mult" that gives us a 500hm ropt2G. The ft. is
still

7.7GHz, not too bad, NFmin2g is 1.64dB, almost near the
minimum one can have for this current value.
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fricropt2g:nfmin2g

7.69641G

m roptzg @ 50.00855

150.0

83 %s 50.00855

M nfmin2g @ 1.63811

® 163811

[.819 |
0.0 5.0 10.0 15.0 20.0

mult

|
|
I
|
|
|
|
|
|
|
|
|
|
e (t].b
2
|
|
|
|
|
|
|
|
—1
|

|
3

So we sef

Next, we need to produce an input impedance equal to source
impedance (source side impedance matching) for several
reasons

in RF LNA design. This can be achieved by placing an emitter
degeneration inductor Le, which produces a real part (50
Ohm),

and modifies the imaginary part.

n i DRGSR PRGSO [ R 1 D DR S [T MG [ ISR [ ) SR R |
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Then an base inductor Lb can be adjusted to make the total
imaginary part zero.

With the "mult" (size) determined above, we sweep emitter
inductance Le from 0 to
2nH,

We plot out S11 and see that as we sweemein and Ropt
do
not change for all practical purposes (tiny bit),

ropr

164

nfmin & 1e-10
N ropt ® le-10

However, the real part of zs11 (or Zin for 500hm load)
increases,
of course the imaginary part increases some too,

Kl vademoxizinmatch:sweeplLe

MName —|VijLe | i 4 0.5 i
.S ® le-10
1
Tracking info o /
Zo S0 Q « Normalze ll'!
Real +Imag -0.758286 + j0.459146 || ¥ = 4 =
Gamma 0.886461, 148,805 degs — -
24 0.0648582 + |0.278069 [_ & = -/I
Ya 0.795522 - 3.41068 52 B i
Sweep Ge-10 ﬂ :
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Z4 0.0648582 + j0.278069 | /’Wi/|

Ya 0,735522 - j3.41068 52 . ;

Sweep Ge-10 O o
0.2 )

Reference point values

Real +Imag r +ji
Gamma mag / angle » visible 0.3 y 4 —
Zd X+ W ~ yisible . [ 83 /%}K ne )
Yd X+ # visible
v uisihle

Better yet, we can do a transform from s11 to zs11 (see
previous

notes if doubts), and plot out the real and imag of zs11
versus

Le:

Kl wvademoxlzinmatch:sweeple B

We can label the Le=0 and Le=1.136 nH pojnts to see the
difference - this can be prov ircuit analysis, that is,
adding emitter inductor can produce a real part in the input
impedance at RF.

This applies to MOSFET too, and is used in both RF SiGe, IlI-V
and

CMOS LNA designs.

Modify your Le upper limit in sweep to 1.1336nH as found
above:
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k]l vademoxlzinmatch:sweeple B

S11 Date.. |zs11r
MName —|YidLe 5
- 51 = -0
Tracking info \
, -
Zo 50 Q O‘(/
Real +Imag -0.347838
Gamma 0.7 A \
Zd 0.1 Q
Ya 73 A
Sweep 5.6688-10
Reference point value
Real +Imag r +j
Gamma mag / ang
Za X+ jw
Ya X+ jw
VEWER scalal -
mouse L: I

We see from both Smith and zs11r plots that we can indeed
produce a 500hm real part of input impedance by adding
proper

amount of emitter inductance.

Next let us set Le = 1.1336nH atd sweep Lb to move S11
center of Smith, or to make the imaginary part of Zs11 zero.

Now sweep Lb, observe that zs11r (real part) does NOT
change,
while zs11i (imag prt) changes.
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L vademoxl:z ['IIfI'r'J'.'."Z\'AHH|J. e |_. vademaoxlzinmatch: SweepLe &

Name VisLe 0.4 0.4 ]
. 511 » .-03 /
; yd
e
/

/

— /

Tracking info {

Zo 50  « Mormalize @

Real +Imag r +j
Gamma mag / angle |
Za X+ W \
Y X+ W 0.1 \
Frequency xHz l\-

Reference point values

Ay
Real +Imag r +ji AN
Gamma nag f angle # visible
Za %+ v visible
Ya %+ ¥ visible
WEWER sealar ¥ visihle

™
I
o
A

The Lb value required is 1.438 nH. Now we have determined
the size (mult), base inductance Lb and emitter inductance Le.

Now put all the values in, do a freq sweep from 0.2 to 3GHz,

S-Parameter Analysis ‘sp freq = (200 MHz -> 3 GHz)
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S-Parameter Analysis ‘sp freq = (200 MHz -> 3 GHz)

|VigV1 fextract

I NFmin & 1

1.630256dB

We see that the noise figure is very close to Nfmin at 2GHz,
and

this is also very close to Nfmin of the transistor alone at the
same

transistor size and bias.

Now add S11,

S-Parameter Analysis "sp" freq = (200 MHz -» 3 GHz)

m /MFmin

The s11 dip does not happen precisely at 2GHz, which is
normal
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considering that we did not use optimizer. We can of course
make

the dip center at 2Ghz in design. The L's and their changes will
eventually make the measured S11 worse than simulated /
designed.

Optimization in Cadence for impedance matching is not easy
to do
compared to say in ADS.

One thing | do is after | have found a solution using my design
procedure, I'll run the optimizer near the solution. Without
that,

optimization simply fails.

Below is an optimization done using ADE-GXL:

1G]] Virtuoso® Analog Design Environment GXL Editing: vademox!| zinmatch

Launch File Create Tools Qptions Run Parasitics Window Help

B o) zﬁ.@ [ L—_] B »A\-.:,v.“i:\ H ;_«,_‘Workspace: Basic 'L‘—u &

||No Parasitics _J > || Global Optimization ' & w20
| Data View } ' -
BIC T QOutputs Setup Results Diagnostics
%2{; ;gEC |Optimization ‘ GQ:J Gl | b2 |New Win "U ik M % w
;'jﬁ” ‘Bf’i“‘ Point- | Test | Output | Neminal| Spec | Weight
£ Ltee =R Parameters: Lb=1.155n, Le=1.155n : .
B o _ 168 134 vademoxizinmatch:optimizer dbs112g | -29.11 <-30
& df _ 188 Parameters: Lb=1.155n, Le=1.143n
B Ctee _ 890 = 110 vademoxlzinmatch:optimizer dbsi12g @ -289.11 <-30
& vce 3 Parameters: Lb=1.155n, Le=1.161n
& fexaract _2a 116 vademoxlzinmatchioptimizer dbs112g @ -2908 <-30
Parameters: Lb=1.155n, Le=1.143n
150 vademoxlzinmatch:optimizer dbsi12g = -29.07 <-30
2 » & Global Variables : Parameters: Lb=1,155n, Le=1,167n
—&“ IC "':Fm"{,rcj’f‘“ 43 |vademoxizinmatch:optimizer dbs112g = -28.02 <-30
élr‘:(éu:lon = Parameters: Lb=1,155n, Le=1.137n
L = 1 Batt o] 121 | vader zinmatchioptimizer dbsii2zg = -28.01 <-30
- = > Parameters: Lb=1.148n, Le=1,155n
Data || History 46 vademoxizinmatchioptimizer dbs112g = -28.894 <-30
I Run Summary '?--5-'?‘-] Paramelers:Lh=1,‘155n,l‘.e=1:|7'3n ‘
1 Test 130 vademoxizinmatch.optimizer dbsi12g = -2893 <-30
s Parameters: Lb=1.,148n, Le=1,148n
¥ 441 Point Sweeps 115 vademoxlzinmatch.optimizer dbs112g -2883 <-30
w Dco_mer Parameters: Lb=1,148n, Le=1.161n
¥ Nominal Comer 159 |vademoxlzinmatch:optimizer dbs112g -28.381 <-30
History Item. | Stam
. rractives (U Interactive.7 (U GlobalOptO.Re Evaluated (U GlobalOpt1
GlobalOpt.3 fin ~| ed

GlobalOpt.4 stopped because ADE GXL cannot find a better design point.
MNumber of points completed: 225

Mumber of simulation errors: 0

GlobalJpt.4 completed.

Current time: Sun Moy 11 16:35.23 2012
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Thursday, September 06, 2012 2:52 PM
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Thermal noise (Johnson noise)
Wednesday, September 05, 2012 4:56 PM
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v gl =k HeTR 65

h, M2 z

It is very important to keep this point in mind as we
proceed, because it simplifies noise analysis to regular ac
circuit analysis.

That is, we can treat noise at a given frequency, for a
small band width Delta f, as a sine wave as far as noise
power is concerned.

+ 9{'160/”) M ' Uit 1% ug&/ /n Cq/{h/a)+;0n$_
2% W
e M = 4kTR (= [k
v X 5
T= 7/‘70
S, & Vet = [are
Tof

M T= ’b?ok) é\/c [,_[/VI\/‘/[% 7&01/ KT— ”?-.O/

~17
gr= XD TV v

whet™ 15 5 fov tosL af 20k

TQL7E5

- __ _____1_ a_
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Example 1: % Rs

Assume that k = Boltzmann constant = 1.38066 x =& ?0 K
10-23 J/K. Bandwidth delta f is 1Hz.

Apply the equivalence you just learned above to find out
the maximum amount of thermal noise power that can
be delivered to the noiseless load for any possible RL
values. Then convert that number to dBm.

Is your result dependent on the value of Rs?

]9‘% (s maximived

2L
\9 [/n,}’m} ) _L

otse owailabl =
Rs ~+ [2 S

—_—

—

e B o8 prof

/1. N
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4 R
= kT S of=l1H2
tnoise = 290 #k
kb =1.38066e-23 #k
def tnoise floor (bw=1): — )44 B (W]eE
:tkb kttb -173.975152593dBm o ()¢ dim  sf= (K2
o Comembny b ¢ 7mrwwm4/ Fesult S ite ran jnf)
/{&W% -I Find Vho}se avaiblle K00 200kl bavdvdt
o L5 = 200 kHAF.
BrF
W= zookHE R
(£)
Solotions  Pra = -0 Bz X PP EME

—  -174*200e3=-34,800,000 A4 m

* QOLML;M /)vxﬂse wikilable = KT 4%
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T /9/?19 ‘200 XI°

-174+10*log10(200e3)=-120.9897000433602

V* = 4kTRAS
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Bipolar transistor shot noise
Wednesday, September 05, 2012 5:56 PM
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Noise figure
Wednesday, September 05, 2012 5:01 PM
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?

pletiy
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At the input of your amplifier you always have some
noise (say from its 50ohm source), and some signal.

You amplifier has no knowledge of what is noise and
what is signal, and will amplify both.

If the amp does not add any noise, SNR at input Sin/Nin
will be the same as SNR at output Sout/Nout,

That is a noiseless amplifier - that does NOT exist in
practice.

Amplifier adds some noise, so Sout/Nout will be smaller
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than Sin/Nin.
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i

What about 3 stages? Just combine the first 2 stages with
a gain of G1*G2, then apply the above procedure again:

Fv_—'[

(F/O{#{ﬁi = F-D + =
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Key: Noise added
by 1st stage will be
amplified by the
2nd stage!



D overll AT (s clomepated &%f__
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< Question:

What is the noise figure of a perfect amplifier that has no
noise inside?
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—1 —1 -1
+(Fl—l)+F2 + ik + ot I,
Gp] Gp] G;ﬂ/ Gpl GpZ.,,,. G;J(n—l)

FIU{ - 1

Fiot — total equivalent Noise Factor
Fm — Noise Factor of mth stage
Gpm - Available power gain of mt" stage

Design Example: Typical RF front end
circuitry

Implemented with Maxim GST-3 SiGe processing, (f1)=

35GHz
e e
Maxoss  NF=13d8 MIXER  |p3- 61dBm
A GAIN=144d8 it

IP3 = 4dBm

“1900MHz RADIO FRONT END
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Long and Comprehensive Version
Monday, November 12, 2012 5:17 PM

This will show the long version, with no power
constraint.

This section also has more device relevant material.
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Equivalent noise representations
Thursday, September 06, 2012 2:54 PM
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Noise parameters
Thursday, September 06, 2012 2:59 PM
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Optimum Digital Ge Profiles

e More Ge in the base is needed for higher beta
e Ge edge must be pushed towards the surface

20 ———7—— :
|l Low-noise 20
< profile LN2
?; 6 | (18% peak)
3¢
g12F =
E 12 g
5§ 8 T <
a @
o
& 4L profile LN1 8 35
L (14% peak) a
0 SRR SR SV BEF 4 o
0.15 0.18 0.22 0.25 e S,
Depth (um) 0
0.2 0.3 4

. Depth (um) }
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NF ., (2GHz) vs Profile

¢ Higher beta and f; are translated into lower RF noise

e—e Sj BJT
SiGe control
SiGe LN1

v-v SiGe LV

v
Ac=0.5x20x2um?
f=2GHz Vgg=0V
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Conversion between representations
Thursday, September 06, 2012 2:56 PM
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Transistor noise parameters expressions
Thursday, September 06, 2012 3:03 PM

Analytical models for noise parameters

1) express y-parameters using gm, beta, C, fT - variables one can
associate with biasing, sizing, and device design (such as fT)
2) Calculate Svn, Sin and Sinvn

3) Calculate noise parameters
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Sizing for noise match
Thursday, September 06, 2012 3:04 PM
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Simultaneous noise and impedance match
Thursday, September 06, 2012 3:06 PM

Can we possibly achieve noise matching and impedance matching
at the same time without increasing noise figure? - Yes.
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£ (528) Hhen ddermines EL peaded,
b[ml»ﬂsnimﬁ %@MFU'

Emh21=Y )Y, 1)
@M m1VBE=indep(m1)
Fmtindex=find_index(DC.VBE, m1VBE)
M ropt=real(zopt{Sopt, 50))
[FINnm=ropt{m1index, :}/50

34 25

3] E m2
2+ m2 Eg  SP.VBE=0.860
3.03 : freq=5.000GHz
28] h21 15 dB(h21)=17.985
o 2.6 2 -
2 247 E10 N
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+ NF is determined by noise parameters + source
¢ NF == NFmin when Ys = Ys, opt (noise matching)
¢ Rn determines sensitivity to deviation from Ys,opt

YJ :GS +jXE

All of the noise parameters are important!

Noise Parameter Measurement Setup

ATN-NP5 system: solid-state source tuner
Measure both ac and noise parameters)

| VNA (HP8510) |

DC bias
(HP4142)

MNS
noise source (tuner) buTt RMM noise figure meter
(HP83623) (HP8970B)

<

controller

ATN-NP5 noise measurement system setup

http://sdrv.ms/PGtOun
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